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ABSTRACT

A two-dimensional (latitude-height) climate/global carbon cycle model has been developed to
investigate the interactive climate/biogeochemical response of a land biosphere to a linearly
increasing input of carbon totalling 1000 Gtons C into the atmosphere over a 150-year period.
With no fertilization response to the increasing CO, content in the atmosphere (fertilization
factor=0.0), the land biosphere acts as a net source of CO, for the atmosphere. This is mainly
due to the soil carbon response to increasing surface temperatures, resulting in a greater soil
release than the uptake of carbon by NPP. At the end of 150 years, globally averaged NPP
has increased by about 2.3 Gtons Cyr~*, while the soil respiration has increased by
3.9 Gtons C yr~*. When the land biosphere is allowed to respond to the increasing atmospheric
CO, (fertilization factor =0.3), NPP increases at a much faster rate than the soil release, causing
the land biosphere to become a net sink for the excess CO, in the atmosphere. In this case,
NPP has increased by about 15.4 Gtons C yr~*, while the soil release has increased by around

12.9 Gtons C yr 1.

1. Introduction

The concentration of atmospheric CO, has been
increasing steadily since the beginning of the
industrial era. Records of atmospheric CO, from
several background monitoring stations around
the world reveal that the increasing trend will
likely continue into the near future, and the con-
centration will double to about 600 ppmv (parts
per million by volume) by the middle of the next
century (IPCC, 1990), causing some major cli-
matic changes to occur. To increase our under-
standing of the climatic change, we first need to
obtain an adequate understanding of the complex
interaction between the physical climate and the
global carbon cycle, because some of the biogeo-
chemical processes within the carbon cycle are
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climate dependent. For example, changes in the
earth’s climate parameters such as temperature
and precipitation are expected to affect the physio-
logical responses of land plants, leading to changes
in the carbon budgets of the terrestrial biosphere
(Olson et al., 1978). It is therefore of great interest
to obtain an estimate of the significance of the
impact of changes in the terrestrial carbon cycling
brought about by changing climate, on the future
evolution of the atmospheric CO, concentration
levels.

Various models of different simplification of the
global carbon cycle have been used to simulate
the increase of atmospheric CO,, and to project
future concentrations resulting from fossil fuel
emissions (SCOPE 16, 1981). In many of these
models, the terrestrial biosphere is either ignored
or divided into several carbon pools. Emanuel
et al. (1985), for example, have produced, using



330

the Holdridge life-zone classification system,
different maps of plant community distribution of
the world under 1 x CO, and 2 x CO, temperature
and moisture regimes. Uchijima and Seino
(1988a,b) have employed the Chikugo model
(Uchijima and Seino, 1985) and the climatic scen-
ario produced by the Goddard Institute of Space
Science (GISS) to study probable changes in the
agroclimatic resources and net primary productiv-
ity (NPP) of the natural vegetation in Japan.
Seino and Uchijima (1992) then used the model
to estimate NPP of terrestrial vegetation on a
global scale. These and many of the other terrest-
rial carbon cycle models used in models of the
global carbon cycle represent a one-way response
to a climatic change, with no feedback to the
climate system (see, for example, Harvey (1989)).

In a recent study to understand the two-way
interaction between the changes in the physical
aspects of the climate system and the biogeochem-
ical processes of the global carbon cycle, Rotmans
and Den Elzen (1993) have developed a globally
averaged multi-box coupled climate/carbon cycle
model. Their study points to the importance of
the fertilization factor in NPP in determining the
future levels of the atmospheric CO,. Its implica-
tion is important because of the potential role of
the land biosphere in the “missing carbon” issue
(Tans et al., 1991).

In this study, we extend the modelling effort of
Rotmans and Den Elzen (1993) and test the
robustness of some of their sensitivity results. To
investigate the transient response of the land
carbon content to changes in the climate para-
meters and atmospheric CO, content, we have
used an empirical global land biosphere model
coupled to a two-dimensional zonally-averaged
multilayer energy balance climate model (Chan
et al.,, 1995) with an incorporated carbon transport
equation. Marine carbon cycle is not considered
here, but will be addressed in a later study. We
present preliminary results of incorporating the
Chikugo NPP formulation into the terrestrial
carbon cycle model that also considers plant
litterfalls and probable shifts in soil carbon.

We briefly describe the coupled climate/land
carbon cycle model in Section 2, followed in
Section 3 by a discussion of the results of the land
biosphere model response to an increasing atmo-
spheric CO, concentration for fertilization factors
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of 0.0 and 0.3. We conclude with a brief summary
in Section 4.

2. Model description

In this section we briefly describe the features
of the individual components which constitute the
coupled model.

2.1. Atmosphere and ocean

The physical climate model used in this study
is based on the model developed by Peng et al.
(1987), and is composed of a 2-dimensional (latit-
ude-height) zonally averaged multilayer energy
balance atmospheric component coupled interact-
ively to a 1-dimensional (north-south) mixed layer
ocean of 95-m thickness. Only a cursory descrip-
tion of the model will be given here, and the
reader is referred to Peng et al. (1987) and Chan
et al. (1995) for a more detailed description.

The atmospheric component is divided into
eighteen 10-degree latitude zones in the meridional
direction from 90°S to 90°N, and 5 dynamical
layers in the vertical direction from pressure p=
1000 mb to 0 mb with equal pressure spacing of
200 mb. There are 6 radiative layers in each of the
lower 4 dynamical layers (troposphere) and 4
radiative layers in the upper most dynamical layer
(stratosphere). The radiation code is adapted from
Blanchet and Morcrette (1985). The model is
integrated using a finite differencing scheme, with
a time step of 6 hours. The relative humidity field
is prescribed with the observed seasonal distribu-
tion. The only prognostic variable is temperature.
The atmospheric temperature (T,;,) is governed by

aT;ir
(0 o =Hgp + Hyg + Hig + Hysg + Hsgg + Hume
(n

where C, is the heat capacity of the atmosphere
and H is the heat convergence; the subscripts SR,
IR, LH, LSE, SSE and MMC denote solar radi-
ation, infrared radiation, latent heat, large scale
eddies, small scale eddies, and mean meridional
circulation, respectively.

The earth’s surface in each latitude zone is
divided into 3 types: land, ocean, and sea ice. The
energy balance for these 3 surface types are given
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by:
0Ty
pLCLDL —F =Si+I+SH +LE,, (2)
0Ty
+COF—-FWI,
%
p]C]D] E =S]+I[+SH[+LE[+FI (4)
FWI(1—AI)
+ N

Here, p, C, and D are the density, heat capacity
and depth of heat capacity layer, respectively. The
subscripts L, W, and I refers to land, open water,
and sea ice, respectively. The forcing functions S,
I, SH, and LE are the downward surface fluxes of
solar radiation, infrared radiation, sensible heat,
and latent heat, respectively, at the surface. COF
is the horizontal heat convergence in the ocean
mixed layer, FWI is the lateral heat transfer from
the open ocean area to the sea ice, FI is the
upward conduction in sea ice, and Al is the
fraction of ocean covered by ice. The zonal surface
temperature is computed from the fractional area
of these 3 surface types. However, the only temper-
ature the land biosphere responds to is the surface
land temperature, Ty .

Carbon in the atmosphere is transported with
the same diffusive coefficients used to transport
energy in the atmosphere. These coefficients rep-
resent large and small scale eddy transports, and
are a function of spatial potential temperature
gradients (Peng et al.,, 1987).

The oceanic component, to which the atmo-
spheric component is connected interactively, is
represented by a mixed layer of 95-metre thickness,
in which an annual climatological poleward heat
transport is specified. The data are obtained from
Newton (1972). There is no physical poleward
water movement in the layer. Marine carbon cycle
is not included in the oceanic component, as our
focus in this study is the interactive effect of
climatic change on the terrestrial carbon cycle.

For an average CO, concentration of 334 ppm
in the atmosphere, the difference between the
simulated and observed annual temperature field
is shown in Fig. 1. Because of the more zonal
nature of the climate processes in the southern
hemisphere, the model results are much closer to
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Fig. 1. Difference between the simulated and observed
zonally averaged annual temperature field (°C).

the observation there than in the northern hemi-
sphere. Overall there is a very good qualitative
agreement between the model results and the
observation. Latitudinally averaged annual mean
net radiation balance calculated by the model for
the surface is compared to an observation in
Fig. 2. Here too, the overall agreement between
the model calculation and the observation is good,
although the model does slightly overestimate the
net radiation in the tropical region. As will be
described in subsection 2.2, these two climate
parameters, the surface temperature and the net
radiation, are the terms in the equation to calculate
the net primary productivity in the land carbon
cycle model.

The climate parameters used as inputs to the
land biosphere model are the 10° zonal averages
of daily net radiation and ground-level temper-
ature. A time step of 0.25 day is used for the
climate model, while a time step of 1 day is used
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Fig. 2. Calculated (solid) values of latitudinally averaged
surface net radiation, compared to the observed (dash)
values (Schutz and Gates, 1974).
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for the land biosphere carbon cycle model. In this
study we focus on the change in the carbon
content of the model land biota in its interactive
responses to changing physical climate and
atmospheric carbon reservoir size.

2.2. Land biosphere

The carbon budget of the biospheric component
is calculated with a simple two-reservoir model.
One reservoir represents the phytomass carbon
(Cb) and the other, the soil carbon (Cs). Uptakes
of CO, by land vegetation are estimated from the
net primary production (NPP) of different plant
ecosystems. Carbon is transferred from the phyto-
mass reservoir to the soil reservoir by root turn-
over and litterfall (LF). The return fluxes of CO,
to the atmosphere from the soil reservoir are
estimated from various empirical relationships
between ground level temperature and emissions
of soil CO, (F;). The equations are as follows:

Cb(t)=Cb(t— 1)+ [NPP(t)— LF(t)]At (5)

Cs(t)=Cs(t—1)+[LF(t)—F(t) (6)
% (1—root respiration)]At.

We make an assumption that there would be no
significant movement of ecosystem boundaries
resulting from the levels of climatic changes simu-
lated by the model on a 100-year time scale. A
dominant response of each ecosystem to climate
warming, instead, would be changes in its carbon
content. Major aspects of the land biosphere
model are now described below.

2.2.1. Vegetation carbon. The land vegetation is
divided into 33 ecosystem complexes as given by
Olson et al. (1983). The total area of vegetated
land occupies about 132 x 10° km?, which is about
26% of the total area of the earth. The remaining
379 x 10° km? of the earth’s surface is assigned to
the Antarctica, ice cover and water. Within each
10° latitude zone, the number of 0.5 by 0.5 degree
cell is enumerated from the database compiled by
Olson et al. (1985). The number of cells is then
converted to surface area. Although we have
resolved the land biosphere into 33 individual
ecosystem complexes, the two dimensional struc-
ture of the climate model allows discussion of
carbon content changes in the land biosphere only
on the zonal basis.
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2.2.2. Net primary production. Uptake of CO,
within each 10° latitude zone is defined as the sum
of the NPPs of all the ecosystems found within
the zone. In our study, the NPP of different
ecosystem complexes are estimated with the semi-
empirical Chikugo model (Uchijima and Seino,
1985; 1988). Uchijima and Seino (1985) have
derived a functional relationship of dry-matter
production from consideration of turbulent
diffusion of water vapour and CO, due to transpir-
ation as well as photosynthesis of plant commun-
ity. The relationhip suggests that NPP can be
approximated as a multiplicative product of the
net radiation (Rn) and an energy conversion
coefficient (x). The latter term itself is a function
of the water deficit of air, the Bowen ratio, and a
constant relating to diffusion conditions and CO,
concentrations between the plant community and
the surface air layer (Seino and Uchijima, 1992).

There is not enough information to estimate the
coefficient o, but its value may be estimated from
other climatic variables, especially the radiative
dryness index (RDI), which is defined as the ratio
of annual net radiation to the product of annual
precipitation and latent heat of evaporation. Using
about 700 sets of NPP and climatic data grouped
in each RDI-band of a width of 0.2 from various
parts of the world, Uchijima and Seino (1985)
were able to verify the linear relationship between
NPP and Rn, and thus obtain estimates of the
coefficient «. Furthermore, they were also able to
obtain an estimating equation for the coefficient
from the corresponding RDI and showed that the
coefficient decreases exponentially with increasing
RDI. Thus, the original Chikugo model for
estimating NPP from climatic data is given by:

NPP =0.29[exp { —0.216(RDI)?}] Rn. (7

To verify the Chikugo model, Seino and Uchijima
(1985, 1988) used the model to assess intensively
the NPP in Japan. Their assessments of the total
NPP in Japan annually and for the growing
seasons agree well with the results obtained from
plant ecological methods. Furthermore, using pub-
lished records from more than 1100 weather sta-
tions around the world, Uchijima and Seino (1992)
have also produced global distribution maps of
terrestrial NPP from the Chikugo model.
According to Seino and Uchijima (1992), their
maps of global NPP agree in general with Lieth’s
Miami Model map (Lieth, 1975) and the global
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NPP map produced by Efimova (1976). However,
there are also some differences; for example, the
extremely high NPP of 25-30t DM ha™! yr™!
estimated by the Chikugo model covers a consider-
ably smaller area than the other NPP distribution
maps (Seino and Uchijima, 1992).

A slight modification of the Chikugo model is
used in our study to take into account the possible
fertilization effect of ambient CO,. The modified
equation is thus given as:

NPP =0.29[exp{-0.216(RDI)*}] (8)
xRa 148 In(C(t)/C(0))],

where f is the fertilization factor or “biotic growth
factor” (Kohlmaier et al, 1987, Keeling, 1973),
and is assigned a value of either 0 or 0.3 in our
experiments to be described in the next section.
The variable C(z) is the atmospheric CO, concen-
tration at time ¢, and C(0) is the atmospheric CO,
concentration at the beginning of a model
simulation.

In our study, the average Rn of land surface
from each 10° latitudinal zone is obtained from
the 2-dimensional multilayer energy balance cli-
mate model already described above, and the RDI
of each ecosystem complex is assigned according
to the results of Budyko (1974) and Uchijima and
Seino (1988). Since the Chikugo model has been
developed to estimate the maximum potential of
NPP, several adjustments are required to obtain
the appropriate NPP of existing vegetation.
Although the classification of Olson et al. (1983)
allows for several types of cultivated lands, partial
reduction in cultivated land has also occurred in
areas classified as natural ecosystem complexes.
The fraction of natural vegetation on each 1°x 1°
cell compiled by Matthews (1983) is used to adjust
the deterioration of the natural vegetation cover.
Adjustments for NPP of cultivated lands follow
the values suggested by Uchijima and Seino
(1988a). Several of the ecosystem complexes also
require further adjustment for altitudinal effect,
since NPP is reduced by decreasing temperature
at high altitude (Leith, 1975; Uchijima and Seino,
1985). These ecosystems include alpine compon-
ents of tundra, wooded tundra, taiga, and southern
taiga at low latitudes, the highland shrubs and the
tropical mountain forests. Thus, the total NPP
(TNP) in the jth-latitude zone is estimated by

k
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where NPP;, is the NPP of the kth ecosystem
complex estimated from the Chikugo model, A
is the area of the kth ecosystem complex in the
latitude zone, Vj, is the fraction of natural vegeta-
tion in the kth ecosystem complex, and Ej is the
efficiency of NPP of the kth ecosystem complex
to adjust for altitude and other factors.

Even though RDI is a function of Rn and
precipitation (both of which are calculated by the
climate model), we have kept the RDI value of
each ecosystem complex constant in this study.
This constraint will be removed in our future
studies with the 2-d climate/land carbon cycle
model.

2.2.3. Root turnover and litterfall. The amount
of annual litterfall and root turnover for all vegeta-
tion types are compiled from various reviews
(Ajtay et al., 1979; Bray and Gorham, 1964; Vogt
et al,, 1986). To allow for a simulation time step
of 1 day, these annual values are multiplied by an
appropriate seasonality function to give the values
on a daily basis. The litterfall values of various
forests from Bray and Gorham (1964) are fitted
to seasonal function of the form:

L=a;+(a,t), O<t<ty,
L=L,/{[(t—tu)/t: P +1}, 1;<t<t, (10)
L=a3+(a4t), t2<t<365,

where L is the fraction of the total annual litterfall
on day t, L, is the maximum fraction of the
annual litterfall on day t,, t, is a constant to
specify the extent of the litterfall period, and a, to
a, are constants. The time parameters ¢, and t,
denote the start of the autumn or dry-season
litterfall and the end of the seasonal litterfall,
respectively. These regression functions express
seasonal litterfall variation for each of the eco-
systems as a percentage or fractional function of
the total annual litterfall.

A simple non-linear regression method was used
to obtain estimates of the constants a, to a,. The
time variables, t; and t,, and their corresponding
fraction of annual litterfall are estimated directly
from the figures of Bray and Gorham (1964). After
the initial regression fitting, the values are adjusted
iteratively to ensure that the total fraction for the
365 days add up to 1.0.

A total of 11 different seasonality functions have
been used in the model. Five of these are restricted
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to the northern hemisphere latitudes, another five
to the southern hemisphere latitudes, and the
remaining one function could be used for both
northern and southern hemisphere latitudes
(Appendix A). The seasonal variation in litterfall
and root turnover of each ecosystem complex has
been assigned to one of these functions. The
annual litterfall of the individual ecosystem is
made equal to its annual NPP of the previous
year, thus guaranteeing no net change in the
carbon content of the phytomass under steady
state condition.

2.2.4. Soil carbon. The amount of soil carbon
consists mainly of organic carbon in mineral soil
and in the soil-surface detritus. A data set of
worldwide organic soil carbon has been compiled
by Zinke et al. (1984). Their summaries give the
averages of soil carbon on most Holdridge life
zones, as well as on Olson’s ecosystem complexes.
These averages are used in our model. The amount
of detritus carbon for several vegetation types
have been taken from various sources (Ajtay et al.,
1979; Bray and Gorham, 1964; Schlesinger, 1977;
Vogt et al., 1986).

2.2.5. CO, emission from soil. The CO, produced
from root respiration and the microbial decom-
position of soil carbon are assumed to be released
to the atmosphere. Kempe (1979) has suggested
that greater than 99% of the total CO, produced
is released into the atmosphere. (The remaining
portion becomes dissolved in ground water.) Since
the release of CO, from root respiration has
already been taken into account in the estimation
of NPP, this fraction is subtracted from the total
soil respiration to arrive at the amount of CO,
released from the soil due to the microbial
decomposition alone.

In many studies, soil respiration had been shown
to vary with soil temperature, precipitation, evapo-
transpiration, soil moisture, or substrate quality
(Singh and Gupta, 1973; Raich and Schlesinger,
1992). For our study, we have assumed that soil
respiration (F;) can be adequately estimated as a
first-order function of total soil carbon (C,;). In
addition, the proportionality “constant” relating
the soil carbon to the soil respiration has been
assumed to vary as an Arrhenius function of
ground-surface temperature. That is:

Fsr =a exp(b/T) Csoil ’ (11)
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where a and b are constants, and T is the land-
surface temperature in Kelvin. The constants a
and b are obtained by regression method from
data of soil respiration and ground temperature
compiled from various published reports
(Appendix B). Since the results in most of these
reports are presented in a graphical form, these
graphs have been digitized first to obtain numer-
ical values of soil respiration and the correspond-
ing ground temperature. If the amount of soil
carbon is not reported for a particular vegetation
type, then the average value for that vegetation
type are obtained from Zinke et al. (1984). Finally,
the calculated rate constant (F, /C,.y) is fitted to
an Arrhenius-type equation to obtain the regres-
sion constants a and b for each of the soil types.
In our study, 17 equations representing 16 different
vegetation types are derived. Separate equations
for the dry and wet seasons are used to estimate
the rate of soil respiration of tropical seasonal
forests and tropical savanna and woodlands
(Appendix B). Under steady state condition, the
annual carbon transferred from the soil to the
atmosphere, i.c. the soil respiration, is made equal
to the annual TNP of the individual ecosystem,
by adjusting the soil carbon content slightly from
the values obtained from the literature.

2.2.6. Steady state TNP and NEP. The equilib-
rium model simulations of the present-day latitud-
inally averaged seasonal TNP (as given by
equation (9)) and net ecosystem productivity
(NEP=TNP—F,), as driven by the climate
model (Figs. 1, 2) with the globally averaged
atmospheric CO, concentration of 334 ppm, are
shown in Fig. 3 for §=0.

The seasonal cycle of TNP simulated by the
model in steady state is shown in Fig.3a as a
function of latitude. The overall result is in good
agreement with the generalized monthly NPP
produced by the model biosphere of Gillette and
Box (1986), even though their model formulation
is quite different from the one used in this study.
Both models show a distinct maximum in NPP
of about 1 Gtons C month ™! per 10° latitude zone
in the high midlatitude region during the
May/June period.

The seasonal evolution of the latitudinally aver-
aged net ecosystem productivity (NEP) is shown
in Fig. 3b. Net ecosystem productivity is the
difference between TNP and Fg, with positive

Tellus 48B (1996), 3
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Fig. 3. Latitudinaily averaged seasonal (a) total NPP (TNP) and (b) net ecosystem productivity (NEP) under steady
state condition with 8=0. Units are in Gtons C month™! per 10° latitude zone.

values indicating net transfer of carbon from the
atmosphere to the land biosphere. In comparing
Fig. 3b with the global NEP values simulated by
Gillette and Box (1986) and by Potter et al. (1993),
there are very distinctive differences among these
model results. First of all, the seasonal cycle of
the latitudinally averaged global net carbon flux
from the model biosphere used by Gillette and
Box (1986) shows a maximum transfer of carbon
from the atmosphere to the land biosphere at
around 30°N during July and August, while the
CASA-Biosphere model (Potter et al., 1993) shows
a global NEP maximum around 60°N centred in
July. The model used in this study, although less
sophisticated than the one developed by Potter
et al. (1993), shows a similar pattern in the NEP
seasonal cycle as that of the CASA-Biosphere
model in the high latitudes; one notable difference
between the two models appears to be that the
net primary productivity in the model used in this
study starts quickly in April, before any significant
seasonal release of CO, takes place, resulting in a
first NEP maximum in April followed by the more
pronounced second maximum at a slightly higher
latitude in June (Fig. 3b). Also, the seasonality in
NEP in the CASA-Biosphere model is quite pro-
nounced in the tropical zones north and south of
the equator. This noticeable seasonality is not
evident in the model used in this study.

The lack of seasonality in NEP in the tropical
region results from several factors. One of these is
that NPP in the present model configuration is
primarily driven by the net surface radiation (Rn),
and does not respond to any seasonal changes in
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temperature and precipitation. However, wet and
dry cycle is incorporated into the model as a
function of seasonal temperature cycle (NPP=0
during the dry period). Another major factor is
that the regression coefficients of the soil release
equation (11) for each soil type are determined
from the in-situ observed values of temperature
and soil carbon content. The equation is then
driven by the zonally averaged temperature of the
2-dimensional climate model. This loss of reso-
lution mutes the seasonal variation of soil release
in the tropical region. It has been shown that
NEP is very sensitive to the assumed relationship
between F, and temperature (Lloyd and Taylor,
1994).

Sensitivity of our results described in the section
below to the seasonality of NEP in the tropical
ecosystem complexes is tested by increasing the
degree of responsiveness of NPP to the seasonal
changes in the climate model’s tropical temper-
ature. This is achieved by increasing the amplitude
response of NPP to the wet and dry cycle (para-
meterized as a function of seasonal temperature
cycle) for such ecosystem as the seasonal tropical
forest, and running the coupled climate/land
carbon cycle model to an equilibrium. Preliminary
analyses indicate that the results obtained from
the numerical experiments discussed below in
Section 3 are relatively invariant to the seasonality
of NEP in the tropics. This is because, as will be
shown, the carbon cycling on land is more respons-
ive to perturbation in the atmospheric CO, con-
centration (through f effect) than to changes in
the climate parameters.
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3. Land biota response to increasing
atmospheric CO,

In this section, we discuss the results of two
experiments to determine the sensitivity of the
response of the land biosphere model (with differ-
ent values of the CO, fertilization factor) to

CHAN ET AL.

increasing atmospheric CO, concentration. This
increase in the atmospheric CO, content is effected
over a period of 150 model years from a steady
state by a specified linearly increasing carbon
input function (hereafter referred to as the
“anthropogenic source”) such that a total amount
of 1000 Gtons C is released into the atmospheric

Table 1. Carbon contents and fluxes in land biosphere

Biomass
Area carbon Litterfall Soil carbon
Ecosystem complex  (10°km?) (kg RDI (kgm~2yr™ 1) (kg m~2)
m~?)
1. main taiga 5.53 6 0.5 0.27 23.7
2. southern taiga 1.59 8 0.7 0.30 14.0
3. conifer forest 3.50 13 08 0.55 16.1
4. mixed forest 3.53 7 0.8 0.48 129
5. temp. broad-leaved 1.50 9 0.8 041 17.1
6. eq. evergreen 10.43 12 0.9 091 11.0
7. tropical seasonal 4.72 6 1.5 0.63 11.6
8. tropical savanna 6.72 3 22 041 6.2
9. tropical montane 1.18 6 1.3 0.61 19.2
10. succulent thorns 397 3 22 0.39 2.4
11. Mediterranean 1.01 3 13 048 7.8
12. highland shrub 2.61 3 1.7 0.29 8.0
13. semiarid woods 091 4 1.7 0.39 10.4
14. northern taiga 435 5 0.6 0.25 14.7
15. forest/field 5.17 4 13 0.58 7.7
16. field/woods 4.07 3 1.7 0.48 123
17. paddy land 1.98 3 1.0 0.25 14.7
18. irrigated cropland 1.58 2 1.3 0.45 7.3
19. cool cropland 297 0.7 1.3 0.30 104
20. warm cropland 9.29 0.8 1.7 0.25 9.6
21. cool grassland 3.94 0.8 2.0 0.28 12.6
22. warm grassland 17.30 0.9 22 0.30 8.9
23. heath, moors 0.15 1 1.7 0.27 16.1
24. cold rangeland 0.84 1 2.0 0.10 27.2
25. wooded tundra 1.74 2 04 0.15 19.1
26. tundra 9.47 0.5 0.3 0.12 18.4
27. cold desert 2.01 0.6 2.7 0.10 6.2
28. sand desert 5.21 0.1 35 0.10 34
29. hot desert 10.99 0.3 40 0.056 2.5
30. bogs, bog woods 0.97 2 0.6 041 178.4
31. warm wetlands 1.57 2 0.2 0.91 28.4
32. coastal edges 1.00 3 1.5 0.55 5.3
33. polar desert 0.54 0.07 35 0.013 4.8
Antarctic, ice 15.81 0 0 0 0
water 363.15 0 0 0 0
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component at latitude zones 30—60°N. This gives
an annual input of 0Gtons C at =0 to
13.34 Gtons C at t=150 years. If all the carbon
stayed in the atmosphere, then the atmospheric
CO, concentration would increase by about
470 ppm after 150 years.

Table 1 lists carbon contents and annual fluxes
associated with the 33 ecosystems of the land
biosphere model in steady state with the atmo-
spheric CO, concentration of 334 ppm, with fertil-
ization factor =0 (Experiment I). Corresponding
values for the case of fertilization factor f=0.3
(Experiment II) are very similar in magnitude.
For both experiments, the model is initially integ-
rated for 200 years until a satisfactory degree of
steady state is obtained. Indeed, after 200 years of
integration, the coupled model shows only a very
small drift of 0.006 ppm yr~! increase in the
atmosphere, while the land biosphere shows an
equivalent rate of decrease in carbon content.
Within the context of the experiments described
in this section, the model drift will have a negligible
impact on the conclusions drawn from the results
of the experiments.

A CO, fertilization factor of 0.0 is used in
Experiment I, while 0.3 is used in Experiment IIL.
Although the exact value of the fertilization factor
is not know and remains quite controversial, we
have decided to employ f=0.3, based on the
studies by Harrison et al. (1993) and Kohlmaier
et al. (1987). Global values of the coupled model
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parameters at t=0 and at t=150 years are
summarized in Table 2 for the two experiments.

3.1. Experiment I: fertilization factor B=0.0

Latitudinal distribution of the annually aver-
aged living phytomass carbon content, soil carbon
content, and TNP are shown in Fig.4ab,c,
respectively, for the steady state with zero fertiliza-
tion factor. As noted in Ajtay et al. (1979), over
80% of the carbon content in the above ground
land biota (living phytomass) resides in forests of
different kind. This is reflected in Fig. 4a. Total
carbon content in living phytomass is about
450 Gtons C, while that of the soil carbon content
is around 1935 Gtons C. Much of this soil carbon
resides in the extratropical northern hemisphere,
with a large fraction north of 40°N. Considerable
amount of carbon content of the tropical eco-
systems lies above ground, which makes tropical
deforestation a very important issue. The globally
averaged value of TNP in the model is approxi-
mately 58 Gtons C yr~!. On an annual basis,
TNP is balanced by the soil respiration. Maximum
TNP is observed in the equatorial region.

Fig. 5 shows the annually averaged temperature
increase, relative to its initial steady state distribu-
tion (Fig. 1), after 150 years of the perturbed run.
Warming near the surface in the polar latitudes is
due to the ice albedo feedback, while the cooling
in the stratosphere is caused by the enhanced

Table 2. Global values at t=0 and t=150 years of model integration for Experiment I (B=0) and

Experiment 11 (B=0.3)

Initial steady state

After 150 years of integration

TNP Fo ATNP AF
(PgC (PgC (PgC (PgC
per per Con C, Tg T, per per AC,,  AC Tg AT,
year) year) (PgC) (PgC) (years) (°C) year) year) (PgC) (PgC) (years) (°C)
=0 582 58.2 4484 19345 332 137 23 39 173 —1442 288 25
f= 58.3 583 449.7 19357 332 137 154 129  108.8 1034 286 19
0.3

TNP: total net primary productivity
F: soil respiration

Cypn: carbon content of living phytomass
C,: carbon content of soil

,: soil turnover time

T,: surface temperature

Tellus 48B (1996), 3
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Fig. 5. Latitude-height distribution of the atmospheric
annual temperature increase (°C) after 150 years of per-
turbed simulation (with #=0) from its initial steady state
distribution.

radiative cooling by the increased CO, concentra-
tion there. The tropical warming in the midtropos-
phere is mainly due to the enhanced water vapour
feedback. The overall tropospheric warming is
about 2.8°C, while the corresponding value for the
surface is 2.5°C.

Distribution of the annually averaged CO,
increase in the atmosphere at the end of the
perturbation (not shown) shows an interhemi-
spheric gradient of about 18 ppm at the surface.
Globally averaged atmospheric concentration has
increased from its initial 334 ppm to 864 ppm, an
increase of 530 ppm (1127 Gtons C). Compared
to the 470 ppm increase had all the 1000 Gtons
of carbon emitted over the 150 year period stayed
in the atmosphere, the increase constitutes about
13% enhancement of the atmospheric CO,
increase.

Tellus 48B (1996), 3
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Temporal evolution of the globally averaged
ATNP, AF,,, and ANEP for §=0.0 are shown in
Fig. 6. There is an initial exponential growth in
TNP and F,;, becoming linear in the last 50 years
or so. For the entire 150-year period,
AF > ATNP, producing negative ANEP.

Latitudinal changes in TNP and F after 150
years are shown in Fig. 7. The increase in TNP is
distributed across the latitude zones at about 0.2
Gtons C yr~? per 10° latitude zone in the northern
hemisphere as well as in the tropics. Total global
increase in TNP is about 2.3 Gtons C yr~ 1. This
result is consistent with that obtained by Melillo
et al. (1993) and Rotmans and Den Elzen (1993)
who found that the effect of climate change on
global estimate of NPP is negligible. In compar-
ison, average increase in the soil carbon release is

15

12

(GTONS C/YR)

C02 FLUXES

YEARS

Fig. 6. Temporal evolution of the globally averaged
TNP (solid), F,, (dash) and NEP (dot-dash) for f#=0.0.

Units are in Gtons C yr .
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60 30 0 =30 <60 -90
LATITUDE

Fig. 7. Latitudinal changes in TNP (solid) and F, (dash)
at the end of the perturbation for f=0. Units are in
Gtons C yr~! per 10° latitude zone.
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Fig. 8. Latitudinal changes in the carbon contents of the
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the perturbation for f=0. Units are in Gtons C per 10°
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about 0.5 Gtons C yr~! per 10° latitude zone in
the northern hemisphere, with a slight enhance-
ment in the high latitudes. Soil respiration has
changed from a global release of 58 Gtons C yr !
to almost 62 Gtons C yr ', an increase of 4 Gtons
C yr~! due to climatic change response only.

Latitudinal changes in the carbon contents of
the living phytomass and the soil are displayed in
Fig. 8. Over the 150 years of model integration,
the total carbon content of the living phytomass
has increased by about 17 Gtons C to 466 Gtons
C, while the carbon content of the soil has
decreased by about 144 Gtons C to 1790 Gtons
C. Much of the soil carbon loss appears to take
place around 60°N. The global soil carbon loss is
about 14% of the total anthropogenic CO, emit-
ted into the atmosphere. This is interestingly close
to a value of 19% obtained by Jenkinson et al.
(1991) who used a more “realistic” fossil fuel CO,
release over a 60-year period. (The degree of
closeness of the two results warrants a further
detail study of these two different approaches.) A
significant amount of the soil carbon loss occurs
in the northern hemisphere high latitudes. The net
loss is 144-17=127 Gtons of carbon from the
land biosphere to the atmosphere.

If there is no fertilization effect, and the land
biosphere is allowed to respond only to changes
in climate parameters (Rn in equation (7), and T
in eq. (11)), then the land biosphere, through
enhanced release of carbon from the soil, would
act as a net source of CO, into the atmosphere,
consistent with the findings of Jenkinson et al.
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(1991). On a global basis, this source amounts to
about 1.6 Gtons C yr~! on the 150th model year,
amounting to about 12% of the anthropogenic
emission rate.

3.2. Experiment II: fertilization factor p=0.3

In this experiment, we set the fertilization factor
f=0.3, allowing NPP to respond to the increasing
CO, content in the atmosphere. Assuming other
major nutrients such as phosphorus and nitrogen
to be nonlimiting, increasing ambient CO, concen-
tration would result in a logarithmic increase in
NPP (Keeling, 1973). The initial steady state of
the model for Experiment II is similar to the one
obtained for Experiment I, with the average atmo-
spheric CO, concentration of about 334 ppm.

Annual temperature increase in the atmosphere
after 150 years of perturbation is displayed in
Fig. 9. Distribution of the warming in the atmo-
sphere is qualitatively similar to the one in
Experiment I; however, the increase is less, primar-
ily due to the lesser amount of CO, retained by
the atmosphere. The globally averaged tropo-
spheric warming is about 2.2°C, with the corres-
ponding surface warming of 1.9°C.

Distribution of the CO, increase in the atmo-
sphere shows an interhemispheric gradient at the
surface of about 10 to 12 ppm. Globally averaged
atmospheric concentration has changed to
700 ppm, an increase of about 366 ppm from its
initial steady state concentration of 334 ppm.
Thus, in contrast to the results of Experiment I,
about 210 of the 1000 Gtons C emitted into the
atmosphere have been transferred to the land
biosphere, making it a significant sink for excess
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Fig. 9. Same as Fig. 5, except for §=0.3.
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Fig. 10. Same as Fig. 6, except for §=0.3.

atmospheric CO, when it is allowed to respond
directly to the increasing atmospheric CO,
through the fertilization effect.

Fig. 10 shows a very impressive response of the
land carbon cycle to changes in the atmospheric
CO, concentration in Experiment IL. In contrast
to Experiment I, globally averaged ATNP>AF;
throughout the 150-year period, the difference
becoming time invariant in the latter stages of the
integration. This is reflected in the ANEP curve.

Latitudinal changes in TNP and F after 150
years for Experiment II are shown in Fig. 11.
Dramatic impact of the CO, fertilization effect on
the land biosphere carbon fluxes are clearly seen
in the figure, in contrast to the relatively small
impact due to climatic changes alone (Fig. 7). The
increase in TNP is quite significant throughout
the northern hemisphere, with a maximum in the
tropics. The total global increase in TNP is about
15.5 Gtons C yr !, compared to 2.3 Gtons C yr !

o

CO2 FLUXES (BTONS C/YR/10°)
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Fig. 11. Same as Fig. 7, except for f=0.3.
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in Experiment I. This increase of about 27% in
TNP from its steady state value is comparable to
the 20-25% increase in NPP obtained by Melillo
et al. (1993). A corresponding value for the soil
respiration increase is around 13 Gtons C yr™?,
distributed latitudinally in a same functional form
as TNP, since the magnitude of soil release is now
dominated by the size of the soil carbon content
(eq. (7)). The soil carbon content in turn is deter-
mined by the difference between F, and the
litterfall rate, the latter being a function of NPP.
With the CO, fertilization in effect, the land
biosphere becomes a net sink of about 2.5 Gtons
Cyr L

In 150 years, the total carbon content of the
living phytomass has increased by about 109
Gtons C to 559 Gtons C, while the carbon content
of the soil has also increased by over 100 Gtons
C to 2093 Gtons C. Latitudinal distribution of
this gain is shown in Fig. 12 for the living phytom-
ass and the soil. Much of the increase in the living
phytomass occurs in the northern hemisphere high
latitude region and in the tropics. The increase in
the soil carbon content occurs predominantly in
the mid to low latitude northern hemisphere
region; compare this to the high latitude soil
carbon loss in Experiment 1.

In Fig. 13 we show the impact of the fertilization
effect on limiting the increase in the globally
averaged atmospheric CO, concentration. In the
case of no fertilization (f=0), the atmospheric
CO, concentration rises exponentially by about
530 ppm after 150 years of model integration,
during which time a total of 1000 Gtons C were
linearly added to the atmosphere. With =0.3,
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the increase is limited to about 360 ppm. Thus,
the fertilization effect, as modelled in this study,
reduces the atmospheric CO, increase by 32%
after 150 years.

4. Conclusions

We have presented the results of 2 numerical
experiments to determine the response of a land
biosphere to a linearly increasing input of carbon
totalling 1000 Gtons C into the atmosphere over
a 150 year period. In one experiment, the fertiliza-
tion factor in NPP is specified to be zero, forcing
the land biosphere to respond to physical climatic
changes only. At the end of 150 years, globally
averaged TNP has increased by about 2.3 Gtons
C yr~!. Soil respiration, on the other hand, has
increased by 4 Gtons C yr~! responding mainly
to an increase in the surface temperature caused
by the CO, greenhouse effect. Responding only to
changes in the physical climate parameters there-
fore causes the land biosphere to become a weak
source of CO, for the atmosphere, amounting to
about 12% of the anthropogenic emission after
150 years. Global carbon content of the living
phytomass increases by 17 Gtons C, while that of
the soil decreases by 144 Gtons C. Much of the
soil carbon loss takes place in the high northern
hemisphere latitudes.

With the fertilization factor = 0.3 in the second
experiment, globally averaged TNP increases by
15.5 Gtons C yr !, while the soil release increases
by around 13 Gtons C yr~!, making the land



342

biosphere a net sink after 150 years of model
integration. A net global uptake of 3 Gtons C
yr~! by the land biosphere after 150 years consti-
tutes an absorption of CO, equal to about 22%
of the anthropogenic emission. Global carbon
contents of the living phytomass and the soil
increase by 109 Gtons C and 103 Gtons C,
respectively. Much of the increase in the living
phytomass occurs in the northern hemisphere high
latitude region and in the tropics. The increase in
the soil carbon content occurs mainly in the mid-
to low-latitude regions in the northern hemisphere.
Therefore, the latitudinal distribution of the land
carbon cycle response for f=0.3 is quite different
from its response for f=0.

We have thus found that the biogeochemical
response of the carbon content of the land bio-
sphere is more sensitive to changes in the atmo-
spheric carbon content itself than to changes in
the physical climate parameters, in agreement with
Rotmans and Den Elzen (1993). A relatively small
net movement of carbon from the land biosphere
to the atmosphere takes place when responding
only to climatic changes. A significant reverse shift
in the carbon transfer takes place when the carbon
fertilization feedback is included, making the land

6. Appendix A

Seasonal functions of litterfall

The variables of the 11 equations are:
SSONi =daily litterfall as percent of annual
litterfall, and T=day of year.

1. No strong seasonality:-
SSON1=100/365,
2. Conifers north:-
SSON2N =0.1655, T <210;
SSON2N = 1.2/(((T—250)/16.0)*+ 1),
210<T<275;
SSON2N =0.9084-2.0353 x 1073 T, T>275.
3. Conifers south:-
SSON2S =0.4402-3.8241 x 10~* T, T <30;
SSON2S =0.7/(((T— 100)/36.49)* + 1),
30<T<150;
SSON2S=0.3006-3.8241 x 10~ ¢ T, T > 150.
4. Temperate forests north:-
SSON3N=0.0918+7.1019 x 10~ 4 T,
T <260;

CHAN ET AL.

biosphere a major net sink for the excess atmo-
spheric CO,. The qualitative aspect of these results
appears to be rather robust and model independ-
ent. Thus, assuming other major nutrients to be
globally nonlimiting, the degree of responsiveness
of the land biosphere to the increasing atmospheric
CO, concentration warrants a much more concer-
ted effort in trying to increase our understanding
of the carbon cycling on land, and of the very real
potential role of the land biosphere as a significant
“missing” sink.
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SSON3N = 1.4/(((T—290)/14.88)>+ 1),
260< T<350;
SSON3N=—0.1674+7.1019x 1074 T,
T>350.

5. Temperate forests south:-
SSON3S=0.2238-2.0392 x 10~ 4 T, T < 240;
SSON3S=0.7/(((T —300)/34.62)* + 1),
240< T<350;

SSON3S=0.298242.0392 x 107 * T,
T > 350.

6. Subtropical forests north:-

SSON4N =0.5/(((T +45)/83.84)*>+ 1), T<8S;
SSON4N=0.1342+1.49x 10" * T,

85< T<200.

SSON4N =0.5/(((T —320)/83.84)*>+ 1),
T<200;

7. Subtropical forests south:-
SSON4S=0.5/(((T—120)/83.84)> + 1),

T <250;
SSON4S =0.1096+1.49 x 10~4 T, T>250.

Tellus 48B (1996), 3
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8. Tropical forests north:- 10. Mediterranean north:-
SSONSN=0.2184+2.691 x 1074 T, T< 10. SSON6N=0.1144+1.2721 x 10™* T, T<65;
SSONSN =0.45/(((T — 100)/88.46)2 + 1), SSON6N = 1.5/(((T—130)/19.4)2+ 1),

10 T<210; 65< T<205
SSON5SN=0.1202+2.691 x 10~% T, T>210. SSON6N =0.0680+1.2721 x 10™* T,

9. Tropical forests south:- T>205.
SSONS5S=0.45/((T+75)/88.46)*+1), 11. Mediterranean south:-

T <35; SSONG6S = 1.0/((T +30)/33.4)*+ 1), T<75;
SSONS5S=0.1673+2.6903 x 10~ * T, SSON6S=0.0836+1.0983x 1074 T,
35<T<200. 75 < T<240.
SSON'5S =0.45/(((T —290)/88.46)2 + 1), SSON6S = L.O/((T —335)/33.42 + 1),
T>200; T >240;

7. Appendix B

Coefficients of functions relating rate of soil respiration to ground level temperature

The general form of the function is given in eq. (11). For tropical and subtropical seasonal forests,
savanna and woodlands, the dry-season equation is used when precipitation is below 1/86400 kg m ™2
s~ ! and ground-level temperature is higher than 303K,

Ecosystem
Ecosystems a b complex* Data sources

Taiga 5.2369 —3948.909 1,2,14 Gordon et al. (1987); Schlentner
and Van Cleve (1985)

Conifer 14.3134 —6516.663 3 Nakane et al. (1983; 1984;
1986); Vogt et al. (1980);
Steubing (1977)

Temperate mixed 15.817 —7001.303 4 Nakane (1980); Witkamp
(1966)

Temperate 21.1831 —8578.366 5 Edwards (1975); Edwards et al.

broad-leaved (1973); Ellis (1969); Froment
(1972); Nakane (1980);
Stuebing (1977)

Tropical 19.9569 —8208.832 6 Maggs and Hewett (1990);

evergreen Medina and Zelwer (1972);
Nakane (1980); Ogawa (1978)

Tropical seasonal 17.2967 —7668.538 7,8, 13 Yoda and Nishioka (1982);

(wet) Rajvanshi and Gupta (1986)

Tropical seasonal —17.2795 2605.762 7,8 Yoda and Nishioka (1982);

(dry) Rajvanshi and Gupta (1986)

Tropical montane 10.0297 —5728.279 9,31 De Santo et al. (1976)

Mediterranean 17.2476 —7471.101 10, 11 Lossaint (1973); O’Connell
(1987)

Temperate 24.8695 —9604.524 15, 16, 31 Ellis (1974); Anderson (1973)

woodland

Cool cropland 10.2533 —5466.049 18, 19 Buyanovsky et al. (1986; 1987);
Ellis (1974)

Warm cropland 1.4261 —3132.639 17, 20, 29 Singh and Shekhar (1986)
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Cool grassland 17.1889 —7672.136 12, 21, 23, Coleman (1973); de Jong et al.
24, 27 (1979); Hunt (1977); Kucera
and Kirkham (1971)
Warm grassland 13.1588 —6502.693 22, 28 Gupta and Singh (1981)
Wooded tundra 11.0406 —5880.771 25 Svensson et al. (1975)
Tundra 19.4423 —8214.637 26, 33 Peterson and Billings (1975);
Billings et al. (1978)
Cool wetlands 13.6428 —7062.36 30 Reiners (1968), Lieth and
Ouellette (1962)
* See Table 1 for type of ecosystem complex.
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