Tellus (2003), 55B, 270-289
Printed in UK. All rights reserved

Copyright © Blackwell Munksgaard, 2003

TELLUS
ISSN 0280-6509

Estimating regional terrestrial carbon fluxes for the
Australian continent using a multiple-constraint approach

I. Using remotely sensed data and ecological observations of net
primary production

By YING PING WANG'* and DAMIAN J. BARRETT?, 'CSIRO Atmospheric Research, Private Bag 1,
Aspendale, Victoria 3195, Australia; 2CSIRO Plant Industry, GPO Box 1600, ACT 2601, Australia and
Cooperative Research Centre for Greenhouse Accounting, GPO Box 475 Canberra, ACT, 2601, Australia

(Manuscript received 11 February 2002; in final form 30 September 2002)

ABSTRACT

We have developed a modelling framework that synthesizes various types of field measurements at
different spatial and temporal scales. We used this modelling framework to estimate monthly means and
their standard deviations of gross photosynthesis, total ecosystem production, net primary production
(NPP) and net ecosystem production (NEP) for eight regions of the Australian continent between
1990 and 1998. Annual mean NPP of the Australian continent varied between 800 and 1100 Mt C
yr~! between 1990 and 1998, with a coefficient of variation that is defined as the ratio of standard
deviation and mean between 0.24 and 0.34. The seasonal variation of NPP for the whole continent
varied between 50 and 110 Mt C month™! with two maxima, one in the autumn and another in the
spring. NEP was most negative in the winter (a carbon sink) and was most positive (a carbon source)
in the summer. However, the coefficient of variation of monthly mean NEP was very large (> 4), and
consequently confidence in the predicted net carbon fluxes for any month in the period 1990-1998
for the whole continent was very low. A companion paper will apply atmospheric inverse technique
to measurements of CO, concentration to further constrain the continental carbon cycle and reduce
uncertainty in estimated mean monthly carbon fluxes.

1. Introduction

Net primary production, or NPP, is the difference be-
tween gross photosynthesis and plant respiration over
a time, and net ecosystem production, or NEP, is the
difference between soil respiration and NPP over time.
Mean global NPP of the terrestrial biosphere is esti-
mated to be about 54 Gt C yr*l (Field et al., 1995),
but a recent comparison of simulation results by 16
different terrestrial ecosystem models found that es-
timated global terrestrial NPP varied between 44 and
66 Gt C yr~!(Cramer et al., 1999), and that signifi-
cant differences existed between different models in
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their predicted spatial and temporal variations of NPP.
Thus, spatially explicit estimates of regional NPP re-
main quite uncertain. For the Australian continent, es-
timated total NPP varies between 1.0 and 3.2 Gt C
yr~! using process-based terrestrial ecosystem mod-
els (Gifford et al., 1992; Kirschbaum, 1999a; Raupach
et al., 2001; Roderick et al., 2001). Since annual NEP
is at least one order of magnitude smaller than NPP,
and measurements of NEP are significantly fewer than
those of NPP in Australia, the estimate of NEP of the
Australian continent using those process-based mod-
els would be even less certain than that of NPP. There-
fore development of methodologies to reduce this un-
certainty is urgently needed.

It is not possible to measure the NPP or NEP of the
whole Australian continent directly. The “bottom-up”
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or “top-down” approaches can be used instead, but
each has problems. The bottom-up approach uses sta-
tistical or process-based models to calculate NPP and
NEP. These models are usually developed using field
measurements of NPP at the plot scale (about 10* m?),
and are used to estimate NPP or NEP of the Australian
continent using spatially explicit information about
the vegetation and soil (Barrett, 2001; Kirschbaum,
1999b). The advantages of bottom-up approaches are:
(1) they include our current understanding about im-
portant ecosystem processes that control the exchange
of CO, between the land surface and the atmosphere,
such as the nexus between carbon uptake and water use
by plants through stomata, which provide an impor-
tant physiological constraint on the potential carbon
uptake by a terrestrial ecosystem in a given climatic
condition; (2) they can be calibrated using physiolog-
ical and ecological measurements, most of which are
made at different spatial or temporal scales. So far
most measurements have been made at very fine spa-
tial scales and a limited number of sites; (3) they can be
used to estimate the spatial and temporal variation of
net carbon exchange between the terrestrial biosphere
and atmosphere at fine spatial and temporal scales if
the inputs to the model are also available at those fine
spatial and temporal scales; and (4) they can be used
to predict the response of NPP or NEP under future
climate conditions, provided they are adequately cali-
brated. The disadvantage of this approach is that not all
knowledge at the process level is included in statistical
models. Furthermore, the limited number of field ob-
servations and gaps in spatially explicit datasets may
lead to biased predictions. Extrapolation of bottom-up
models to large scales can also be problematic without
extensive data coverage to constrain the model predic-
tion at large scales. Estimates of NPP or NEP of the
Australian continent using bottom-up approaches can-
not yet be verified directly because direct measure-
ments of NPP or NEP at the continental scale are cur-
rently not available.

The top-down approach estimates regional carbon
fluxes by applying inverse techniques to the measure-
ments of atmospheric CO, concentrations at different
locations in the world. The advantage is that it can be
applied to the measurements of atmospheric CO, con-
centrations at a limited number of locations to infer
regional or global carbon fluxes because of the mixing
power of the atmosphere (such as Tans et al., 1990;
Biraud et al., 2000). The disadvantage of the inverse
technique is that the atmospheric inversion using mea-
surements of atmospheric CO, concentrations alone
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cannot resolve the spatial distribution of terrestrial car-
bon fluxes very well because of the uneven distribution
of the measurement stations and coarse spatial resolu-
tion of atmospheric transport models used in the inver-
sion. Bayesian inversion has been used in many global
inversion studies, and requires the prior estimates of
the mean and standard deviation of the mean (SD) of
carbon fluxes, which can have significant influences
on the inversion estimates. Therefore reasonable prior
estimates can be important in Bayesian inversion. In
this study we combine the two approaches, and use
a process-based model, the CSIRO Biosphere Model
(CBM) (Kowalczyk et al., 1994; Raupach, 1998; Wang
and Leuning, 1998) to provide prior estimates of the
mean and SD of monthly carbon fluxes and their sea-
sonal variations for eight land regions of the Australian
continent.

One of the key assumptions in this paper is that
all terrestrial ecosystems are at steady-state, or their
NEPs integrated over 9 yr are equal to zero. This
assumption is unlikely to be true everywhere, but a
reasonably accurate and the simplest one for most Aus-
tralian terrestrial ecosystems for which there is insuf-
ficient information available for us to calculate gross
photosynthesis, respiration and net carbon exchange.
The most recent global carbon budget (IPCC, 1996)
shows that the net carbon uptake by global terrestrial
ecosystems is less than 4% of its total NPP, therefore
annual mean global NPP is roughly equal to mean het-
erotrophic soil respiration, and global annual NEP is
close to zero (IPCC, 1996). A recent study also has
found that the ratio annual NPP/GPP is about half as
much as gross primary production, or GPP for many
ecosystems (Waring et al., 1997 and therein). When
an ecosystem is not at steady state, annual NEP can
be strongly negative (a sink), such as a young forest,
or strongly positive (a source) such as for disturbed
ecosystems. Many terrestrial ecosystems in Australia
are probably at quasi-steady state, with their NEP be-
ing at least one order of magnitude smaller than NPP;
itis, however, difficult to ascertain the exact state of the
carbon dynamics of all terrestrial ecosystems because
of the lack of measurements. The steady-state assump-
tion allows us to calculate the carbon fluxes (gross
photosynthesis, plant and soil respiration) using CBM
from the estimates of NPP for steady-state terrestrial
ecosystems, and estimates of carbon fluxes including
NPP and NEP for non-steady-state terrestrial ecosys-
tems will be obtained by applying Bayesian synthe-
sis inversion to the measurements of surface atmo-
spheric CO, concentration at Cape Grim, in north-west
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Tasmania, Australia, and reported in the companion
paper (Wang and McGregor, 2003).

This paper is organized as follows. Section 2 de-
scribes the methods used in parameterizing CBM and
estimating the mean and SD of monthly carbon fluxes
and section 3 describes the data (spatially explicit
canopy green area index that is defined as the total
area index of all green plant organs, estimates of NPP
at 75 km by 75 km resolution for the Australian conti-
nent, and meteorological inputs to CBM). The results
and discussion follow.

2. Methods

This section describes the relationship between dif-
ferent fluxes and methods used for calculating the
mean and SD of monthly carbon fluxes for 1990 to
1998 from each of the eight land regions in Australia.

Our methods involve three models, VAST1.0 and
CBM, and the error model relating the SD of annual
mean NPP to the SD of monthly carbon fluxes for all
land points in Australia. CBM has been described else-
where (Wang and Leuning, 1998; Wang et al. 2001);
both VAST1.0 and the error model will be described
in the next two subsections. While VAST1.0 provides
estimates of the mean and SD of annual NPP of the
Australian continent at 5 km by 5 km spatial resolution
(long-time and fine-spatial scale), CBM calculates the
hourly fluxes of canopy photosynthesis, plant and soil
respiration for the Australian continent at 75 km by
75 km spatial resolution because the analysed meteo-
rological data are only available at the coarse spatial
resolution (short-time and coarse-spatial scale). The
advantage of VAST1.0 is that it was developed us-
ing field measurements of NPP and the disadvantage
is that the temporal resolution of the estimated carbon
fluxes is too coarse for atmospheric inversion, whereas
CBM can be used to calculate hourly carbon fluxes,
but estimating key model parameters is difficult with-
out direct field measurements. The advantage of the
approach developed here is that we combine different
types of information in the inversion process to reduce
uncertainty in estimated C-fluxes. In this study, we es-
timated the three key parameters in CBM using the
predicted NPP from VAST1.0.

To make use of the merits of both VAST1.0 model
and CBM, we estimated the mean and SD of monthly
carbon fluxes in four steps. The first step is to esti-
mate the mean and SD of annual NPP for every 5 km
by 5 km grid cell of the Australian continent using
VAST1.0 and 183 field measurements of NPP as de-
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scribed later (see section 2.2). The second step is to
scale the mean and SD of annual NPP up to the 75 km
by 75 km grid cell resolution used by CBM using
the estimates of mean NPP by VAST1.0 and the SD
of monthly NPP. The correct scaling of the error is
achieved using the error model (see section 2.3). The
third step is to use CBM and the estimate of mean
annual NPP from step 2 to estimate three key parame-
ters: the maximum canopy potential electron transport
rate (Jmax), non-leaf plant respiration rate at 20 °C (1)
and soil respiration rate at 20 °C without soil water
limiting (r) for every 75 km by 75 km grid cell of the
Australian continent (section 2.4). The three key pa-
rameters in CBM are estimated by fitting the estimates
of annual NPP calculated by CBM to the means of an-
nual NPP scaled up from VAST1.0 for every 75 km
by 75 km grid cell from step 2. The fourth step is to
use CBM with the spatially explicit estimates of three
key parameters to calculate the mean monthly carbon
fluxes for the period 1990 to 1998 for every 75 km by
75 km grid cell of the Australian continent (see sec-
tion 2.5). The SD of the mean monthly carbon flux is
calculated from the estimate of SD of mean monthly
NPP (section 2.3).

2.1. Key equations and definitions

In this study, we denote the vertical flux from land
surface to the atmosphere as positive. Using CBM, we
calculate the carbon fluxes of gross photosynthesis and
plant and soil respiration separately.

The instantaneous biotic net carbon exchange be-
tween the land surface and the atmosphere, P., is cal-
culated as the sum of canopy photosynthesis (P,) and
total respiration (R,). That is

P.= P+ R, 1

where P, is calculated as

l“*
P, =V, (1—a>. @)

Here V. is the carboxylation rate as calculated using
the photosynthesis model of Farquhar and von Caem-
merer (1982), I'* is the CO, compensation point when
day respiration is zero, and is the intercellular CO,
concentration at which CO, evolved from photorespi-
ration is equal to CO, fixed by carboxylation, and C; is
the intercellular CO, concentration. Calculation of V,
requires estimation of three physiological parameters,
the maximum carboxylation rate (Vmax), maximum
potential electron transport rate (/i) and the effective
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Micahelis—Menten constant for Rubisco carboxylase
(Kn). Potential electron transport rate represents the
rate when neither final acceptor nor pH gradient across
the thylakoid membrane limits the electron transport.
The parameter K, is related to the specific activity
of Rubisco carboxylase and is calculated using the
equation provided by Leuning (1990). A close corre-
lation between V . and Jp,x for many plant species
has been found (Wullschledger, 1993), and the ratio
of Jimax/Vemax Was about 2.7 at a leaf temperature of
20 °C for C3 plants (Leuning, 1998). Jn.x is related
to the maximum rate of potential electron transport of
leaves at the top of the canopy, jmax, by

S = [1 — exp(—knL)]jmax 3)

kn
where k;, is an empirical constant (=0.73 in this study).
Sensitivity studies have shown that P, is relatively in-
sensitive to k, for a given amount of canopy nitrogen
(Leuning et al., 1995), and L is canopy green area
index.
The total ecosystem respiration, Ry, is

Ri=Ri+ R, + R “)

where Ry is leaf respiration rate, R, is non-leaf plant
autotrophic respiration, and R; is soil heterotrophic
respiration. Total autotrophic respiration, R, is calcu-
lated as Ry + R,,.

Non-leaf plant tissue (R;) and soil respiration (Ry)
rates are calculated as (Wang et al., 2001)

Ry = r, expl0.069(T; — 20)], (5)

Ry =1, fr fw, (6)

where r, and r; are respiration rates of non-leaf plant
tissue and soil at 20 °C and optimal soil moisture,
T; is leaf temperature (in °C), and fr and fw describe
relative changes in soil respiration with variation in
soil temperature and soil water content (Wang et al.,
2001).

We also define gross photosynthesis (P ) and net
ecosystem production (NEP, P ,) over time ¢ in the
following way:

P, = / P,dr
t

Pn,, = Pg.[ + Rf,r + Rp,r

t=d, mory (7)
t=d, mory (8)
Pe; = Py + Riy + Ry + Ry, t=d, mory (9)

where # is time, and is assigned d for day, m for month
and y for year. Following convention, we defined the
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GPP, NPP and NEP as —P,, —P,, and —P,, respectively,
therefore both GPP and NPP are positive.

We also denote E, m, E, R,y and E as the
annual mean Py ¢, Py, y, Py R, y and R, , averaged over
several years for ecosystems approximately at steady
state. We denote o as the SD of the mean. For example,

0n,y denotes the SD of the annual mean NPP, P, .

2.2. Estimating the mean and standard deviation
of net primary productivity at 5 km by 5 km
spatial resolution for the Australian
continent using VAST1.0

We calibrated VAST1.0 using the data compiled by
Barrett (2001). The data consist of 183 measurements
of above-ground NPP, and the associated data of an-
nual mean rainfall, air temperature, soil nutrient sta-
tus and vegetation types. The calibrated VAST1.0 was
used to estimate the mean and SD of the annual NPP
for every 5 km by 5 km grid cell of the Australian
continent.

Total net primary productivity in VAST1.0, P, ,
(g C m~% yr!) is the sum of the productivity of all
plant tissues, above-ground fine tissue biomass (Py, y,),
below-ground fine tissues (P, ), and above-ground
coarse tissues (Py yc). That is

Pn,y = Pn,ya + Pn,yb + Pn,yc (10)

where log-transformed above-ground fine tissue NPP
was predicted by

In(Pyya) = Bo + Bi In(xg), an

where xg is mean annual rainfall (mm) and S and 8,
are the estimated regression coefficients for different
soil depth and nutrient classes (Table 1). The model of
below-ground fine root production of Nadelhoffer and
Raich (1992) was used to estimate the mean and SD
of P n,ybs

Poyo = —0.07 4 0.56P, y,. (12)

Replacement of coarse woody tissue lost each year by
mortality was calculated as a fraction of above-ground
biomass lost each year, viz.

Pn,yc = yBa (13)

where y = 0.01 for tall, medium and low forest Vegeta-
tion Classes (AUSLIG, 1990) and y = 0.00 for herba-
ceous, grass, forb, low shrub and tall shrub Vegetation
Classes (AUSLIG, 1990) based on estimates from the
literature. For example, above-ground biomass loss by
mortality in Australian sub-tropical rainforest (Turner
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Table 1. Coefficients of the multiple linear regression
model of above-ground fine tissue net primary produc-
tivity (P, ya) for various soil nutrient and depth classes
in VAST1.0*

Estimated regression

Nutrient Depth coefficients

class class Bo B1

No data No data —4.70 1.45
1 No data —-7.22 1.81
2 No data —2.07 1.09
3 No data 4.05 0.25

No data 1 —-3.75 1.26
1 1 -3.75 1.26
2 1 5.22 0.07
3 1 2.28 —0.94

No data 2 —7.70 1.89
1 2 —11.46 2.46
2 2 —3.36 1.26
3 2 3.98 0.25

No data 3 —3.31 1.24
1 3 —10.69 2.29
2 3 —1.73 1.09
3 3 5.34 0.08

2The nutrient classes are: 1, 2 and 3 for low, moderate and
high nutrient values, respectively; and three depth classes
are: 1, 2 and 3 for a soil depth of 0.0-0.5, 0.5-1.5 and
>1.5 m, respectively. Where data of soil nutrient status or
soil depth are not available, regression coefficients for “no
data” class were used.

et al., 1989) and Victorian Eucalyptus obliqua forests
(Attiwill, 1979) each year is about 1% and 2%, respec-
tively. For calculating the SD of P, ;, we assumed that
the coefficient of variation (CV), defined as the ratio of
standard deviation and mean for P, y., was equivalent
to the CV of above-ground NPP.

Predicted above-ground biomass, B,, was obtained
from another statistical model developed by Barrett
et al. (2001):

In(B,) = —33.19 + B, + 6.52 In(xg)

+0.933(xt) — 0.1578[In(xR)xT] (14)

where xr is mean annual temperature (°C), and B,
varies with soil nutrient class only, and is equal to
0.0, 0.26 and 0.10 for soil nutrient Class 1, 2 and 3,
respectively.

Overall the VAST1.0 model accounts for 69% of the
variance in the 183 NPP observations. All dependent
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and independent variables were log-transformed in the
statistical models. This was to ensure homogeneity of
the residual variance.

The variance of total annual NPP was estimated by
summing up the variance and covariance of its three
components. The correlation coefficient between ev-
ery two of three different components is assumed to
be 0.9 in the absence of further information and as
a reasonable starting position. The justification for a
high value of correlation coefficient is that we expect
ecosystem components to co-vary across the landscape
(e.g. high above-ground NPP is likely to be associated
with high below-ground NPP). Where this assumption
isinerror, itis likely to overestimate, rather than under-
estimate, the SD of annual NPP of the above-ground
coarse tissue.

The estimated annual mean NPP and its SD for each
5 km by 5 km grid box represent the values expected
for a relatively undisturbed ecosystem for which the
net carbon flux integrated over a whole year is zero.
VAST1.0 partitions total variance in the observations
into systematic and random terms. Spatial interpola-
tion of NPP at a 5 km by 5 km resolution for the
continent is achieved using the statistical model and
continental datasets of auxiliary variables (climate,
vegetation and soils) in a geographic information sys-
tem (ArcView, Environmental Systems Research Insti-
tute, Redlands, Ca., USA). The SD of predicted annual
mean NPP for each grid cell was also obtained from
the statistical models. Figure 1 shows the mean and SD
of annual mean NPP of the Australian continent pre-
dicted by VAST1.0. The NPP in the south-east coastal
region and northern part generally is above 400 gC
m~2 yr~!, and is less than 200 gC m~2 yr~! in the cen-
tral and north-west part of the continent, reflecting the
spatial variation of annual rainfall and air temperature.

Not all of the climatic range of Australia was cov-
ered by the observed data of NPP and unbiased predic-
tions for those areas using VAST1.0 were not possible
(and so appear as blanks in Fig. 1). This excluded an
area of 2.2% (approximately 170000 km?) of the conti-
nent from the analysis. Using the vegetation type map
of the Australian continent (R.D. Graetz, unpublished
data) and the estimates of the mean and SD of NPP for
97.8% of the continent by VAST1.0, we calculated the
mean and SD of NPP of each vegetation type, which
were then used to provide the estimates of the mean
and SD of NPP of the same vegetation type of the
grid boxes where VAST1.0 is not applicable (Fig. 1).
This represents our best estimates for those 2.2% of
the Australian continent.
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Fig. 1. Estimated annual mean net primary production (a) (gC m2 y_l) and its standard deviation (b) (gC m2 y~1) for
every 5 km by 5 km grid box by VAST1.0. VAST1.0 is not applicable in four regions in white in south-east Australia and
Tasmania. Boundaries of six states and Northern Territory in Australia are also shown.

The mean annual NPP at 5 km by 5 km resolu-
tion was then aggregated to give the estimated mean
NPP at 75 km by 75 km spatial resolution as for the
atmospheric transport model. Aggregation of the vari-
ance of annual mean NPP from 5 km by 5 km to
that at 75 km by 75 km spatial resolution requires
knowledge about the spatial and temporal correlations
of the NPP at the finer resolution. This is discussed
next.
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2.3. Propagating error of the estimated mean NPP
into the errors of estimated monthly mean
carbon fluxes

To estimate the SD of monthly mean of gross pho-
tosynthesis, and plant and soil respiration at 75 km
by 75 km spatial resolution, we first calculated the
SD of annual mean NPP at 75 km by 75 km. From
this, we calculated the SD of annual mean of gross
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photosynthesis, plant or soil respiration. The SD of
monthly mean carbon flux was then estimated using
the temporal correlation of monthly carbon fluxes and
the SD of the annual mean carbon fluxes at 75 km by
75 km resolution.

To estimate the variance of annual NPP (anz_y) for
each 75 km by 75 km grid box of the Australian con-
tinent, we summed the variance and covariance esti-
mated by VAST 1.0 of all 225 5 km by 5 km grid boxes
that comprise each 75 km by 75 km CBM grid box.
That is

2
Pﬂ . .
oiy =N < Pﬂ‘i ) Y3 pjorDer ) (15)

i

where p; j is the spatial autocorrelation of the estimates
of NPP between the ith [an’fy(i )] and jth [arij( )] cells
at the 5 km by 5 km spatial resolution in VAST1.0 and
N =9 for the study period of 1990-1998. The spatial
variation of NPP depends on climate, soil condition,
vegetation properties and disturbance, all of which are
spatially correlated. Therefore covariance must be in-
cluded in calculating the SD of NPP for the 75 km by
75 km grid boxes from the estimates of SD at 5 km
by 5 km grid boxes, otherwise the SD of NPP at 75
km by 75 km grid boxes will be significantly underes-
timated.

Because of insufficient data it is not possible to con-
struct a variogram of the spatial correlation of NPP to
estimate p; ;. Instead we used Moran’s I statistic (CLiff
and Ord, 1981) to construct a simple correlogram of
spatial correlation of NPP as a function of distance
between NPP data points. We then approximated the
shape of the correlogram with an exponential model
of spatial autocorrelation of the form

pij = ki exp(—kyx) x>0 (16)

pij=1 x =0, (17)

where x is the distance between grid cells i and j (km);
for the present work k; = 0.7 and k, = 0.0045 km~!.
In this way information on the covariance of NPP from
ecological observations was used to calculate the SD
of estimated annual mean NPP at the 75 km by 75 km
resolution for the Australian continent.

The SDs of the annual mean of gross photosynthe-
sis, plant or soil respiration, oy, 0,y and o, were
calculated using the following assumptions:

o;, =0, =050;, (18)
0l =0, (19)
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The SD of annual mean net ecosystem production,
0.y, was then calculated as

_ /52 2 _
Ocy = 4/0ny + Oy = «/Eon_y.

Here we assume that the annual GPP, autotrophic res-
piration and heterotrophic respiration are uncorrelated
because of lack of measurements.

To relate SD of monthly mean carbon flux to the SD
of its annual mean, we constructed a first-order auto-
regressive error model (see Appendix). The first-order
error model was used to relate the SD of monthly mean
Py, R, and R; to their respective SD of the annual mean
for every grid cell (75 km by 75 km) for the Australian
continent.

(20)

2.4. Estimating three key model parameters: J,,, 1,
and r

CBM calculates the exchanges of water, heat and
CO, between the land surface and atmosphere for
given inputs of land surface parameters and meteo-
rological inputs. Inputs include 25 plant and soil pa-
rameters. It is not possible to derive the estimates of
all model parameters using the datasets described pre-
viously. A recent study by Wang et al. (2001) showed
that fewer than four parameters in CBM could be es-
timated independently using measurements of hourly
energy and CO, fluxes at crop or pasture sites in south-
east Australia. Leuning et al. (1998) found that the
predicted energy or CO, fluxes by CBM agreed well
with measurements using a constant value of leaf ji.x
for the entire growing season for crops or pastures
in south-east Australia. Using the estimates of annual
mean NPP and monthly canopy green area index at
75 km by 75 km resolution for the Australian conti-
nent, we estimated three key parameters in CBM, Jax,
rp and ry as follows.

All model parameters are assumed to be constant in
time. Only three parameters, Jia, 7p and r, in CBM
are allowed to vary between grid cells. P, y, Ryy, Ry y
and R, , for that grid cell in CBM are calculated as:

Poy = fiM, jmax, L) @n
Ry = fo(M, Vemax) (22)
Rpy = 1 f3(M) (23)
Roy =rs fa(M, 1) (24)

where M represents meteorological inputs provided
by DARLAM, and fy (k = 1, 2, 3 or 4) represents
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functions from CBM. Three parameters, jnax, 7p and
7, can be estimated if P y, R;, y and Ry y are known for
a given M.

As a first-order approximation, we assume that
NPP/GPP = 0.5 for all land points and P., =0,
or P,y = —R,y = —R,, = 0.5P,,. Because of our
steady-state assumption, estimates of annual NEP
should be close to zero. Our objective here is to ob-
tain reasonable estimates of carbon fluxes of photosyn-
thesis, plant and soil respirations, which can then be
used to provide prior estimates for the Bayesian syn-
thesis inversion for the companion study (Wang and
McGregor, 2003).

To estimate ji.x, we used CBM to calculate Py,
for jmax at each of 10, 25, 50, 75, 125, and 250 pmol
m~2 s~! for each 75 km by 75 km grid box of the
Australian continent. The function, Pgy = @jmax/(b
+ Jmax) Was fitted to these data to estimate j.x by
assuming E = 2P, ,. The /* of this fit was greater
the 0.99 for all grid cells. We calculated canopy Jyax
using eq. (3) and the estimate of canopy green area
index, and R_fy using eq. (22).

Once Jpax is known, we can calculate P,y and Ry y
for each year. Taking an approach similar to that out-
lined by Denning et al. (1996), we estimated r, and rg
using the following equations:

/ (—0.5P, — Ry)dt
_ Ji=1 , (25)

rp = —
/f3 dt
t
/ —0.5P, dt
-1

ry="—F——

ftﬂdt .

That is to assume that the annual totals of plant respi-
ration and soil respiration of year ¢ are equal to NPP
of the previous year r — 1, respectively. The estimates
of r, and r, using egs. (25) and (26) would vary from
year to year. We found that interannual variations of
rp and r were less than 10% for all grid boxes of the
Australian continent. This approach tends to produce
less interannual variability of annual NPP and NEP for
the Australian continent than if the long-term means,
0.5P,y + Rty and 0.5 P, ;, were used in estimating r,
and r in egs. (25) and (26). The estimates of respira-
tion fluxes here will be used as prior estimates for the
subsequent inversion (see Wang and McGregor, 2003).
We assume that r,, and r; are time-independent within
a year but vary from year to year. Therefore inversion

(26)
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results should not be affected significantly by either
approach we use for estimating r, and r;, providing
the prior estimates of SD of plant and soil respiration
fluxes are reasonably large.

2.5. Calculation of monthly carbon fluxes for eight
land regions in the Australian continent

The estimates of the three key parameters, jmnax, p
and r, are spatially explicit, the estimate of j.x is
fully time independent, while the estimates of r, and
s may vary from year to year, but are constant within
a year, as explained above. We used CBM to calculate
the fluxes of gross photosynthesis, plant and soil respi-
ration for every time step at which the meteorological
inputs were provided by DARLAM (900 s). The calcu-
lations were performed for the period 1989-1998, and
the annual total of gross photosynthesis for 1989 was
used to estimate r;, and r; for each grid cell of the Aus-
tralian continent for year 1990 and so on. The monthly
total fluxes of gross photosynthesis, plant and soil res-
piration were then summed up. The monthly fluxes of
gross photosynthesis, plant and soil respiration were
also calculated for each of the eight regions for the
period 1990-1998.

3. Data

3.1. Spatially explicit data of canopy
green area index

One of the key plant parameters in CBM is canopy
green area index (L). No surface-based measurements
of L exist for the entire Australian continent but
the few measurements that do exist underpin plau-
sible estimates of their range and dynamics. This
understanding was used to derive estimates of L from
satellite datasets that were available for the continent
for 1981-1991.

The data used were from the Advanced Very
High Resolution Radiometer (AVHRR) carried on the
NOAA satellite series. Although not specifically de-
signed to do so, the AVHRR sensor has provided a
data stream and archive that has revolutionised our
understanding of the nature and dynamics of the
global land cover, e.g. De Fries et al. (1999) and
Zeng et al. (2000). The AVHRR sensor acquires data
in the red and near infrared, and these two chan-
nels are most frequently combined arithmetically into
the Normalised Difference Vegetation Index (NDVI)
that has become very widely used, e.g. Sellers et al.
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(1994). Because it exploits the difference in red and
near-infrared reflectance, the NDVI is a direct measure
of canopy greenness, and therefore indirectly a mea-
sure of total (green plus non-green) canopy variables.
Gutman and Ignatov (1998) first derived an estimate
of L from NDVI data, and their methodology was fol-
lowed here. The NDVI dataset used was ex-NASA
(C.J. Tucker, personal communication), monthly res-
olution, 1981—1991, heavily edited for non-surface
artefacts. Following the methodology of Gutman and
Ignatov (1998), only two expert decisions were re-
quired: the maximum L, set as 5, and the NDVI value
for bare soil, set as 0.02. The use of these two values
resulted in an annual climatology of 5 km by 5 km,
monthly L values (Fig. 2).

3.2. Data for developing and calibrating VAST1.0

Barrett (2001) compiled 183 field measurements
of NPP for steady-state ecosystems in Australia from
the scientific literature. A description of data compi-
lation methods and data coverage was given in part
in Barrett et al. (2001) and Barrett (2001). Only a
brief description is given here. These NPP data and
the associated data of annual rainfall, annual mean
air temperature, soil nutrient status and vegetation
types were used to calibrated a statistical model, VAST
(Vegetation And Soil-carbon Transfer) 1.0. The cali-
brated VAST1.0 was then used to estimate the mean
and SD of annual NPP of every 5 km by 5 km grid cell
of the Australian continent (also see section 3.2).

Observations from sites assumed to be near steady
state were chosen from the published scientific litera-
ture. By stipulating that measurements had undergone
scientific peer review, a level of data quality control
was guaranteed. The criterion used to select steady-
state sites was that the author’s description of over-
storey vegetation structure and species composition in
the original study matched the vegetation classification
for a site from the 1788 Australian Survey and Land
Information Group (AUSLIG) pre-European Histori-
cal Vegetation Atlas (AUSLIG, 1990). It was assumed
here that the all vegetations were at steady state before
the European settlement in Australia.

Above-ground NPP was derived from either
biomass increment of annual herbage, measured as
change in dry mass of vegetation per unit area over
time, or the measurement of litterfall accumulation in
above-ground litter traps. Sample areas ranged in size
from 1 m? quadrats for herbaceous vegetation to the
application of allometric equations on forest plots of up
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to 0.25 ha. Litterfall measurements included a “wood
fraction”; however, the maximum size of this fraction
varied from 0.6 cm to 5 cm diameter between stud-
ies. Observations of above-ground NPP in the dataset
ranged from 19 to 1964 g C m~2 yr~!.

Other data used in calibrating VAST1.0 included
the 0.25° Australian Bureau of Meteorology Research
Centre and the National Climate Centre archive of
interpolated continental climate surfaces for monthly
maximum and minimum temperature and rainfall; the
AUSLIG topographic map of Australia at 1:2 500 000
scale; the Australian 0.05° Digital Elevation Model
developed by the Australian National University, Cen-
tre for Resource and Environmental Science, (ANU-
DEM); and the digital version of the Atlas of Aus-
tralian Soils at 1:2 000 000 scale. The soils atlas was
combined with look-up tables developed by McKenzie
and Hook (1992) to convert map unit soil classification
to three “Gross Nutrient Status” classes.

3.3. Meteorological inputs for CBM

We used a regional atmospheric model, DARLAM
(McGregor and Walsh, 1994), to provide the meteoro-
logical inputs to CBM. DARLAM was initialised us-
ing the European Centre for Medium-Range Weather
Forecast (ECMWF) analyses. The standard 12-h, 2.5°
resolution, 14-pressure-level ECMWF analyses were
first horizontally interpolated to every 75 km grid point
in the model domain and then interpolated to 18 verti-
cal levels. All the meteorological fields were then up-
dated twice daily (00:00 UTC and 12:00 UTC) at the
boundary, and once daily in the interior (00:00 UTC)
over the whole domain using the ECMWF data. Atev-
ery integration time step in DARLAM, CBM was also
used to provide the surface boundary conditions, and
the advection of the calculated CO, fluxes from the
surface by CBM was also calculated in DARLAM.
See Wang and McGregor (2003) for further details
about the transport of surface CO, emissions within
the DARLAM domain. DARLAM was spun up using
the interpolated ECMWF analysis data from January
to December 1989, and the simulation results for the
period 1990 to 1998 were used in this study. The time
step for integration in DARLAM is 900 s.

It is also necessary to partition the Australian conti-
nent into eight regions (A to H) (Fig. 3) for Bayesian
synthesis inversion in the companion paper (Wang and
McGregor, 2003). In this paper, we use these regions as
ameans of comparing carbon fluxes between different
parts of the continent.
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Fig. 2. Monthly canopy green area index estimated from AVHRR NDVI data from 1984-1992.
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Latitudinal direction

Longitudinal direction

Fig. 3. The boundaries of eight land regions (A-H) in Aus-
tralia. Cape Grim is located at the north-west tip of region A.

4. Results

4.1. Spatial variations of three model parameters:
Jonaxs Tp and 1y

The spatial variation of J;,,,x is similar to that of an-
nual NPP, and generally higher along the coast than
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in inland regions (Fig. 4a). In central Australia, esti-
mated J,,, is generally less than 10 wmol m~2 s~!, but
is greater than 100 wmol m~2 s~! in a few locations in
the north-east and south-east of the mainland of Aus-
tralia and in Tasmania, where tropical and temperate
rainforests occur (Fig. 4a). The mean J,,,, over the en-
tire Australian continent was 13 umol m~2 s~!, which
is significantly lower than most grasslands worldwide
and comparable to that of coniferous forests in the
northern hemisphere (Wullschleger, 1993).

In a literature survey, Ferrar (1988) summarised
measurements of the maximum photosynthetic rate of
Australian plants. We calculated from Ferrar’s (1988)
data the maximum leaf potential electron transport
rate, jnax, for different vegetation types in Australia.
Lower in-situ photosynthetic capacity is to be expected
because most measurements of leaf photosynthetic
capacity as summarised by Ferrar (1988) are made
on seedlings, or plants grown under optimal condi-
tions. Our estimates of J,.c/L (i.e. average canopy
electron transport capacity on a leaf area basis) are
much lower than Ferrar’s data except for tropical rain-
forest in northern Australia. Our estimate of leaf ji.x
(i.e. maximum electron transport capacity of leaves at
the top of the canopy) is about 40 (wmol m~—2 s~

-
(=]

S = by s G = D WD

Fig. 4. The estimated (a) mean Jp,x (umol m~2 s71) and (b) leaf respiration rate at 20 °C (umol m~2 s71); and (c) the
estimated mean non-leaf tissue plant respiration rate at 20 °C (umol m~2 s7!) and (d) mean soil respiration rate at 20 °C
without soil water limiting (umol m~2 s~!) for the Australian continent at 75 km by 75 km spatial resolution.
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for tropical rainforest in northern Australia, which
issimilar to values from Ferrar (1988) and Eamus and
Prichard (1998), but is only half as much as mea-
surements from tropical rainforest in central Amazo-
nia (Carswell et al., 2000). In central Australia, our
estimate of Jyay /L is less than 20 pmol m~2 s~!, as
compared with 130 £41 umol m~2 s~! for C4 grass as
calculated from Ferrar’s data which were based on less
than 10 measurements on well watered and fertilized
plants. Our estimate of Jn,c/L for temperate forests
in south-east Australia is only 40 umol m~2 s~!, only
half as much as the estimate for Eucalyptus leaves
from Ferrar’s data (Ferrar, 1988). Many factors may
contribute to the difference between the two estimates,
such as non-optimal growth conditions and leaf age.
The average age of Eucalyptus leaves is about 2 yr,
the maximum potential electron transport rate of a full
size leaf decreases rapidly with leaf age for most tree
species (Hanba et al., 2001). Our estimate represents
the mean of maximum potential electron transport rate
for all leaves within the canopy, whereas most mea-
surements as summarised by Ferrar (1988) were made
on less than 1-yr-old seedlings grown under optimal
conditions.

Figures 4b and 4c show that the estimated leaf and
non-leaf plant tissue respiration rate at 20 °C, r; + rp,
varied between 0 and 6 umol m~2 s~!, and was less
than 1 wmol m~2 s~! over 90% of the continental land
area. Non-leaf plant respiration rate at 20 °C, r, was
greater than 4.0 mol m~2 s~! for only one grid cell
each in the south-east Victorian forest and in Tasmania
(Fig. 4c). Our estimate of total plant (leaf and non-leaf
tissue) respiration rate is comparable to that observed
in tropical rainforest of Brazil after accounting for dif-
ferences in canopy LAI (Lloyd et al., 1995). From
measurements compiled by Ferrar (1988), we calcu-
lated that leaf respiration rates for vegetation classes
at 25 °C (including one SD) were 1.7 + 1.5 yumol m~2
s~! for Acacia, 1.3 + 0.3 umol m~2 s~! for Eucalyptus
and 0.9 £ 0.5 umol m~2 s~! for tropical rainforests
in Australia; all these rates are calculated on a leaf
area basis. Our estimate of annual mean Ry is less than
0.2 pmol m~2 s~! for most of central Australia, and
about 0.2 — 0.5 umol m~2 s~! for coastal regions. The
spatial variation of leaf or plant respiration rates is
also similar to that of annual NPP. Annual leaf respi-
ration across Australia is much smaller than non-leaf
plant respiration, and accounts for less than 20% of
annual total plant respiration. It is likely that respira-
tion from fine-root turnover accounts for much of the
below-ground plant respiration (Norby et al., 1992;
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Wang et al., 1998), and therefore is very important
in determining the net carbon exchange of terrestrial
ecosystems.

Figure 4d shows that the soil respiration rate at 20 °C
and optimal moisture, r,, was less than 5 umol m=2 s~!
for most of the continent. The combined annual mean
ecosystem respiration rate (R,) varied from less than
2 umol m—2 s~! in central Australia to about 12 zzmol
m~2 s~! in the temperate forests of south-east Australia
(data not shown). Our calculations showed that annual
mean total ecosystem respiration was about half the
rate under optimal conditions (20 °C and non-limiting
soil moisture).

Our estimates of r; + r, + r, are about 4 pmol
m~2 s~! for the temperate forests in south-east Aus-
tralia, 6 wmol m~2 s~! for the tropical forests in north-
ern Australia, and 2.5 pumol m~2 s~!for the temperate
grasslands in south-east Australia. Meyer et al. (un-
published data) found that the measured total ecosys-
tem respiration rate at 20 °C was 1.4-2.1 yumolm=2s~!
for crops and pasture in south-east Australia, and mea-
sured below-ground respiration (soil and plant roots)
was 0.4 umol m2 s~ for an undisturbed mallee
ecosystem, and 0.6 umol m~2 s~! for a temperate for-
est ecosystem. Taking an average leaf area index of
3 for the temperate forest during the growing season
and leaf respiration rate of 0.9 wmol m~2 s~! at 20 °C
(Ferrar, 1988), the total respiration rate of the tem-
perate forest in south-east Australia is 3.3 ;mol m~2
s~!, which is comparable to our model estimates for
temperate forests of 4 umol m~2 s~! in this region.

4.2. Seasonal variation of carbon exchanges over
the period 1990 to 1998

Figure 5 shows the monthly means and their SDs
of gross photosynthesis (P, ), and autotrophic (R, )
and soil (R ) respiration for each of eight regions of
the Australian continent for 1992. Fluxes are highest
in region A and lowest in region E, which reflect dif-
ferences in the dynamics of soil water and nutrients
across the continent.

There are significant differences in seasonal varia-
tion of Pg 1, Ry m and R, ,, between different regions.
In region A, where water is least limiting, both respi-
ratory fluxes and gross photosynthesis are greatest in
December and least in June, which suggests that air
temperature and incident solar radiation are the most
important limiting factors for respiration and photo-
synthesis in this region. In regions B-D, where winter
is cool and wet, summer is hot and dry, plant growth
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is limited by soil water during the Australian summer,
the gross photosynthetic flux is greatest (most nega-
tive) in October and least in June or July, while respira-
tion fluxes generally are lower in winter than summer,
following the seasonal variation in air temperature.
Seasonal variation of gross photosynthesis in re-
gions E-G is distinctly different from that in other
regions (Fig. 5). Comparing with regions A-D, the
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dry season from May to September in regions E—
G is quite cool and the wet season from October
to the following April is hot and humid, with more
than 15% of days having maximum temperatures over
30 °C in these three regions (Bureau of Meteorol-
ogy, 1988). Therefore, gross photosynthesis is greatest
(most negative) and soil respiration is least in April at
the end of the wet season, and plant respiration varies
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Fig. 5. Variations of monthly mean gross primary production (solid circle), plant respiration (Rf + Rp) (open circle) and
soil respiration (triangle) and their one standard deviation for each of the eight regions in Australia in 1992. Note that two

different vertical scales were used.
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seasonally with air temperature. Change in plant phe-
nology with seasonal rainfall also contributes to the
seasonal variation of photosynthesis and plant respi-
ration in these three regions.

Seasonal variation of gross photosynthesis is pri-
marily driven by seasonal rainfall in regions G and H,
and is greatest (most negative) at the end of the wet
season in April. Respiratory fluxes are lowest in July.

283

Seasonal variation of plant and soil respiration is sim-
ilar in these two regions, even though the coefficient
of variation (CV) is largest in region H because few
measurements were available for calibrating VAST1.0
and there are larger differences in rainfall between the
wet and dry seasons in region H than region G.
Seasonal variation of NPP is shown in Fig. 6 for
regions A-H for the period 1990—98. The seasonal

Net primary production (g C m?d™)

1H

Loanwa
‘

1990 1991 1992 1993
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1994 1995 1996

1997 1998 1999

Year

Fig. 6. Variations of monthly mean net primary production and its 1 SD for each of the eight regions from 1990-1998. Note

that two different vertical scales are used.
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variation of NPP is similar between years in the period
1990—98 for all eight regions. The estimate of NPP for
region H has the greatest uncertainty. The mean CVs
for monthly NPP for the period 1990—98 for regions
A-H are 0.34, 0.30, 0.49, 0.34, 0.50, 0.50, 0.37 and
0.72.

The mean monthly NPP in regions A, D, G and
H is about one order of magnitude greater than that
in regions B, C, E and F because of the difference
in rainfall and temperature. The NPP in the southern
regions (A-D) decreases from the beginning of the
year until June or July and then increases until the end
of the year. The monthly NPP in the central regions
(E and F) has two maxima each year, reflecting the
interactive influences of temperature and rainfall on
photosynthesis and respiration in the desert region of
Australia (Fig. 5). The second maximum of NPP is
a result of increasing rainfall and moderate air tem-
perature at the end of the dry winter (September or
October) in the desert region. In the tropical regions
G and H, the monthly NPP varies with seasonal rain-
fall. The monthly NPP increases during the wet season
(from November to April) and decreases during the dry
season (from May to October).

As expected, SD of monthly NPP is larger than SD
of annual NPP for all regions. In addition, since NEP
is the residual of NPP and R, absolute and relative
SDs of monthly NEP are larger than monthly NPP.
Therefore the uncertainty in estimated NEP is large in
all eight regions. Because of these large uncertainties,
mean monthly NEP is not significantly different from
zero for most months in the period 1990—98 (data not
presented here).

4.3. Seasonal variations of monthly NPP and NEP
of the whole Australian continent

Figure 7 shows the seasonal variation of monthly
NPP and NEP of the whole Australian continent for
the period 1990—98. Seasonal variation in NPP is char-
acterised by two cycles each year. In the first cycle,
minimum NPP occurs in June and the maximum NPP
in April. In the second cycle, the minimum NPP oc-
curs in November or December and the maximum in
September. These dynamics result from the different
seasonality of photosynthesis and plant respiration be-
tween southern and northern Australia. In southern
Australia, (regions A-D) photosynthesis is greatest
in October following winter rain and spring canopy
growth. In northern Australia (regions E-H) photosyn-
thesis is greatest in April at the end of the monsoon.
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The amplitude of the first cycle tends to be greater than
that of the second cycle during the period of 1990—98.
Using the method outlined by Thoning etal. (1989), we
estimated that the seasonal amplitude as the difference
between the maximum and minimum monthly NPP in
any year varied between 44 and 64 Mt C month~! dur-
ing this 10-yr period, being smallest in 1998 (44 Mt C
month™") and largest in 1994 (64 Mt C month™").
Seasonal variation of net ecosystem exchange, Pe .,
aggregated over all regions has two periods each year
when the flux into the biosphere is maximal. The first
occurs in April and the second in August or September.
The amplitude of seasonal NEP variation is quite vari-
able between different years, being largest at 108 Mt
C month™! in 1997 and smallest at 61 Mt C month™!
in 1992 (Fig. 7). The continental biosphere was a
net source over the summer half year (November—
March), and a sink in the winter half year (April-
October), controlled primarily by the dynamics of veg-
etation south of about 17°S latitude (regions A-D).
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Fig. 7. Variations of monthly mean net primary production
and its 1 SD (a) and monthly mean net ecosystem production
and its 1 SD (b) of all terrestrial ecosystems in Australia from
1990-1998.
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Fig. 8. Mean and one standard deviation of monthly mean
net primary production (NPP) (solid circle), and net ecosys-
tem production (NEP) (open circle) averaged over the period
1990-1998 of all terrestrial ecosystems in Australia.
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The CV of monthly continental NPP estimate
(Fig. 7) is about 0.68; we therefore have some con-
fidence in predicted monthly NPP of the Australian
continent by CBM. However, mean monthly NEP has
asignificantly larger uncertainty than NPP and we can-
not predict whether in any particular month the Aus-
tralian continent was a carbon sink or source using the
present approach.

The mean seasonal variation averaged over 1990—
1998 (Fig. 8) shows a bimodal variation of monthly
mean NPP and the maintenance of a net flux into the
biosphere (negative NEP) during winter for the con-
tinent as a whole. Because the SDs of monthly mean
NPP or NEP between different years are assumed to
be independent, the SD of the mean seasonal variation
is much smaller than for months in individual years.
Therefore, we are reasonably confident about the mean
seasonal variation of NPP or NEP for this period. An-
other study (Barrett and Xu, 2003) also shows a bi-
modal behaviour of the seasonal NPP of the Australian
continent.

4.4. Interannual variations of NPP and NEP
of the whole Australian continent

The annual NPP of the Australian continent varied
between 790 and 1100 Mt C yr~! during the period
1990-1998 (Fig. 9). The estimate of NPP is highest in
1990 and lowest in 1998. The coefficient of variation
of the modelled mean annual NPP varies from 0.24 to
0.35 for each individual year. The mean annual NPP
averaged over this period was 885 Mt C yr~! with a
CV of 0.17.

The annual NEP of the Australian continent is much
more variable than NPP (Fig. 9). Because of our

Tellus 55B (2003), 2

285

1500
=_ 1000 |
§500|||l|‘ ll
RS N 1 10 1 I
S CT[IIITITT
2 -500 |
-1000

1990 1992 1994 1996 1998

Year

Fig. 9. Variations of annual net primary production and its
1 SD (black bar), and net ecosystem production and its 1
SD (grey bar) of all terrestrial ecosystems in Australia from
1990-1998.

steady-state assumption and the one-year lag of plant
and soil respiration to NPP, we probably have signifi-
cantly underestimated the interannual variation of an-
nual NEP of the Australian continent. The terrestrial
biosphere of the whole Australian continent may have
been a carbon sink during 1990-1992, with a mean
carbon uptake rate of 82 &= 192 Mt C yr~! over that pe-
riod, but may have alternated between being a carbon
source and a carbon sink during the period 1993-1998.
In 1995, the Australian terrestrial biosphere released
118 4 347 Mt C yr~! into the atmosphere. However,
the CV of annual NEP varies between 4 and 30 for the
whole Australian continent, and even the CV of annual
mean NEP averaged over the whole period 1990-1998
is still 18. Therefore we cannot predict if the Australian
terrestrial biosphere in aggregate was a carbon sink or
source using only ecological observations and remote
sensing.

5. Discussion

In this paper a method of combining information
from remote sensing of canopy LAI and field mea-
surements of NPP to constrain key parameters of CBM
has been presented. We used CBM to calculate mean
monthly fluxes of photosynthesis, respiration and net
ecosystem exchange at 75 km by 75 km spatial reso-
lution. Mean annual NPP of the continent varied be-
tween 800 to 1100 Mt C yr’1 between 1990 and 1998,
with a coefficient of variation of mean annual NPP of
between 0.24 and 0.34.

Our results show a bimodal variation in continen-
tal monthly mean NPP within each year due to the
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different seasonality between the northern and south-
ern parts of the continent. In northern Australia,
monthly NPP increased during the wet season (from
November to April) and decreased during the dry sea-
son (from May to October). In southern Australia,
mean monthly NPP was greatest in October, but was
limited by available soil water in the southern hemi-
sphere summer and by low temperatures during the
winter.

Predicted mean annual GPP over the period 1990 to
1998 was 787, 115, 89, 403, 98, 96, 477 and 408 gC
m~2 yr~!' for regions A-G, respectively. These es-
timates of GPP for temperate forests, open wood-
lands, shrublands and grassland (regions A and D)
are 20-50% of measured GPP of temperate forests in
Europe and North America as reported by Valentini et
al. (2000) and Falge et al. (2001). They are also signif-
icantly lower than GPP of boreal coniferous forests or
cold temperate deciduous forests in Europe or North
America (Falge et al., 2001). Predicted mean annual
NPP between 1990 and 1998 was 404, 58, 45, 205,
50, 49, 244 and 208 gC m~2 yr~! for regions A-G.
Our estimate of NPP for region A was similar to the
global mean of NPP for boreal forest, grassland and
cultivated crops, but our estimates of annual NPP for
regions D, G and H were generally less than published
values for global annual mean NPP of woodlands and
temperate forests (694 ¢C m~2 yr~': Amthor et al.,
1998), and tropical forests (913 gC m~2 yr~!). The
lower NPP for Australian forests than global average
may result from lower rainfall and nutrient availability,
particularly phosphorus. However, the global annual
mean NPP of desert and semidesert scrubs is 66 gC
m~2 yr~!, similar to our estimates of NPP in regions
E and F in Australia.

Field data used for calibrating the VAST1.0 model
are not distributed uniformly among vegetation classes
across the continent (Barrett, 2001), and this may be
a source of bias in predicted NPP. However, it is dif-
ficult to assess any bias without more field data from
under-sampled regions. For example, other modelling
studies suggest that VAST1.0 overestimates NPP of
the northern tropical regions G and H (Raupach et al.,
2001; Barrett and Xu, 2003), which is also reflected in
the large prediction errors for NPP in these regions
(Fig. 6). Plant growth is directly influenced by the
amount of available soil water, which depends on an-
nual rainfall and runoff. When annual runoff is rela-
tively small, as is the case for much of Australia, annual
rainfall is a reasonable surrogate for annual soil water
availability. VAST1.0 can be used to provide a reason-
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able estimate of annual NPP because mostly runoff is
small. When runoff is a significant fraction of annual
rainfall, such as in coastal regions in G or H, VAST1.0
will overestimate NPP because available soil water
will be significantly less than rainfall. NPP contribu-
tions from regions G and H to the continental total are
about 26 and 32%, respectively. Our estimate of mean
NPP over the period 1990-1998 varies from 0.8 to 1.1
Gt C yr~! with a CV of 0.24 to 0.34. If we halve the
NPP estimates by VAST1.0 for regions G and H, our
estimate of mean annual NPP of the whole Australian
continent is reduced to 0.7 Gt C yr~!, which is consis-
tent with recent estimates of 0.684 Gt yr~—! by Barrett
and Xu (2003), but is significantly less than other esti-
mates, e.g. 1.6 Gt C yr~! (Kirschbaum, 1999b), 2.0 Gt
C yr~! (Field et al., 1998), 2.7 Gt C yr~! (Pittock and
Nix, 1986), 2.8 Gt C yr~! (Gifford et al., 1992), 3.2
Gt C yr~! (Roderick et al., 2001). Given the likely
overestimation due to spatial bias towards more pro-
ductive regions, an estimate of over 1.5 Gt C yr ~! for
the Australian continent is outside the 95% confidence
interval of our estimate, and is inconsistent with data
from field measurements across Australia.

The estimates of annual NEP are much less certain
than estimates of annual NPP. Our results showed that
the CV of monthly mean NPP for the Australian conti-
nent varied from 0.43% to 1.28, and the CV of monthly
mean NEP was greater than 4. Therefore, confidence
in the predicted NEP of regions or the whole conti-
nent in any month between 1990 and 1998 was low.
The uncertainty of the estimated mean carbon flux also
increases with an increase in the spatial and temporal
resolution. For example, the estimated annual NPP of
the Australian continent is 861 4= 276 Mt C yr~! with
a CV of 0.32, and CV of monthly NPP of the Aus-
tralian continent varies from 0.55 to 1.17 in 1997. The
CV of annual NPP varies from 0.43 to 2.68 for the
eight regions in 1997. Because direct measurements
of carbon fluxes over a region or the whole continent
are not available yet in Australia, and many factors,
such as land use change, have not been considered in
our modelling, confirmation of our results awaits di-
rect measurements. On the other hand, measurements
of CO, concentration change in space and time can
provide estimates of net carbon fluxes from the land
surface, as is done in global carbon studies. In the com-
panion paper, we shall apply the Bayesian synthesis
inversion to the hourly in-situ surface CO, concentra-
tions measured at Cape Grim, in north-west Tasmania,
Australia to improve the estimates of carbon fluxes
from different regions as presented here.
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7. Appendix. An error model for relating the
SD of monthly mean carbon flux to the SD
of its annual mean

To estimate the SD of the monthly mean carbon flux,
we use the following error model:

Cn= MUm + O (A1)

O = Bm—1 + €n (A2)

where C,, is the monthly carbon flux, and has a mean
of w,, and residual of §,,. m =0, 1, ... 11 for month
January, February, . . . December. The residual, §,, has
a zero annual mean, and is correlated with the residual
at the previous time step, m — 1. g,, is an independent
normally distributed variable with zero mean and SD
of o,,.
By recurrence upon eq. (A2), we have

Sm = ﬁ‘smfl + €m
= ﬂram—r + ﬁrilém—r+l R ,Bém—l + €m-
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Since all €,,, are independent of each other, the variance
of annual total carbon flux, oy2 can be expressed as

11
2 _
o, = var (20: 6,,,)
=

= ﬁ [ﬁz(l — B var(6_)

I (AS)
+> a- ﬁlz'")zvar(ém)} :
m=0

To calculate var(é_;), we apply eq. (A3) to k years
back from m = 0, and then sum up all the terms for
the same month, and then sum up the contribution of
variance of all 12 months to var(6_;). We have

var(8_;) = B**var(8_ 1)

1L p2(11—m)(q1 _ R24k
I i el NN

1— g (A6)

m=0

As k — 00, both the first term in eq. (A6) approaches
zero, therefore ayz can be expressed as

1 11 (1 _ 'B]Z)ﬂ(24—2n1)
2
"v—u—ﬂ)sz;[ I+ p7

+(1 _ ﬁlZ—m)Z] 0_”21.

(A7)

In eq. (A7), there are twelve unknowns, o ,,, m = 0,
11. To estimate o, from the estimates of o'y and 8, we
assume that the coefficient of variation of the monthly
carbon flux, 6, is constant within a year. Rearranging

(A3) eq. (A7), we have
Therefore 0 (I-B)oy
11 1 12y g(24—2m)
1—
D 8 =80+ (B + €1) + (B0 + Bei + &) > [% +1 - ﬁ‘z””)z] [
m=0 m=0
+o (B8 + - +en) (A8)
= ﬁ [B(1 = BS54+ (1 — ey By definition, we have
o+ (1= Ben]. (A4) 0y =0y (A9)
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