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ABSTRACT

Atmospheric transport models are a source of uncertainty in the diagnostics of the CO, sources
and sinks. We propose here a protocol to compare two transport models: a 2-dimensional (2D)
and a 3-dimensional (3D) model, based on 3 different experiments that reveal the ability of
each model to account for the different components of the atmospheric carbon cycle. The 2D
model we use is the one described by Tans et al. and the 3D model is the TM2 model, developed
by Heimann et al. First, we conduct the same fossil fuel experiment in both models and show
that the 2D model has a stronger inter-hemispheric mixing than the 3D model (~25%), even
though the 2D model presents a weaker intra-hemispheric mixing above source regions (experi-
ment A). The influence of year-to-year variability of transport on the latitudinal profile in fossil-
fuel CO, appears to be weak for the 1990s. We then use a set of “all but fossil fuel” fluxes,
originally inferred from the 2D model, as an input to the 3D model (experiment B). Even if the
main discrepancy on the resulting latitudinal CO, concentrations occurs between the 2D and
3D models in the tropics and at the mid-northern latitudes, the differences implied by three
longitudinal distributions tested in the 3D model are important and can be explained by a few
global transport mechanisms. Finally, we quantify the differences in latitudinal CO, concentra-
tions observed in experiment B in terms of net carbon fluxes at the surface. To do so, an inverse
calculation of the CO, fluxes in latitude and time is performed with the 3D model, using as an
input a smoothed latitudinal profile of atmospheric measurements for the period 1990-1993
(experiment C=A+ B). We find with the 3D model that, averaged on the period 1990--93, the
equatorial release is reduced by 40 Tmol yr~* (roughly 25% of the original source) compared
with the initial 2D budget and is shifted southward by roughly 10°. The mid northern latitude
sink is also reduced by 80 Tmol yr~* (roughly 25% of the original sink). In summary, this
study shows that the changes in the carbon budget required when moving from the 2D model
to this 3D model are important, but they are not radical changes.

1. Introduction

Carbon dioxide, the major anthropogenic green-
house gas, is continuously exchanged between
atmosphere, land and ocean. In addition, fossil
fuel burning and changes in land use have intro-
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duced anthropogenic perturbations in the natural
carbon cycle. The CO, growth rate is of 1.5 ppm
yr~! for the 1980’s with strong inter-annual vari-
ations (Conway et al., 1994; Francey et al., 1995;
Keeling, 1995). On average, 50% of the anthropo-
genic source actually ends up accumulating in the
atmospheric reservoir, the other half being
absorbed either by the oceans or by land eco-
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systems. The residence time of CO, is much greater
in the oceans than in land ecosystems, which could
imply a different long-time response of the climate
system depending on which one is the main reser-
voir. Thus, relating the spatial distribution of CO,
as provided by the measurement network to
sources and sinks is of great interest in balancing
the carbon budget and devising future strategies
for CO, emissions (IPCC, 1995).

Many studies have presented the inverse process
of inferring sources and sinks of CO, from concen-
tration data. Two major schemes have been used
thus far to carry out inverse calculations from
concentration fields : the synthesis inversion
(Enting et al., 1995, 1993 ; Heimann and Keeling,
1989) and the mass balance inversion (Enting and
Mansbridge, 1991; Tans et al., 1989). The synthesis
inversion starts with a first guess of the spatial
distribution of each source and uses a transport
model to calculate the spatial distribution of the
CO, mixing ratio corresponding to each source.
Then the best linear combination of sources, vary-
ing the overall strength but not spatial pattern of
individual sources, is estimated so that the calcu-
lated concentration field matches the observed
concentrations (Enting et al, 1993; Tans et al.,
1990). Enting et al. (1993, 1995) described and
improved this process by using a Bayesian tech-
nique to establish source combinations, which also
takes into account independent and prior know-
ledge of sources with their estimated errors. The
limitation of the method is the obligation to define
an a priori spatial distribution of each source. In
the Bayesian approach the prior “knowledge”
might nudge the solution in the right direction,
but also in the wrong direction if the prior know-
ledge is incorrect ; the Bayesian inverse method is
intentionally biased. In the mass-balance method,
the surface concentrations of CO, are prescribed
in an atmospheric transport model and the sources
and sinks are then determined so that the modelled
concentration fields at the surface match the obser-
vations. Ideally, the surface concentrations are
described everywhere based on observations. This
method, however, assumes that the CO, measure-
ment network is representative of the spatial distri-
bution of the concentrations, while in fact the
number of monitoring sites is still insufficient
especially in the southern hemisphere to fully
determine the inversion and allow a reliable 3D
inversion. This is the reason why most of the
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studies of this type that have been conducted until
now have been based on two-dimensional trans-
port models (Conway et al, 1994; Enting and
Mansbridge, 1991; Tans et al, 1989; Enting and
Mansbridge, 1989) or on a zonally uniform inver-
sion with 3d transport (Law et al., 1992).

All these studies agree that the north-south
concentration gradient implies an important
sink in the northern hemisphere. Enting and
Mansbridge (1991) include the cycles of methane
(CH,) and carbon monoxide (CO) with no season-
ality into the consideration of the north-south
gradient, but that does not introduce much change
in the above conclusion. However, the nature of
this sink, whether it is oceanic or terrestrial,
remains somewhat controversial (Heimann and
Keeling, 1989; Tans et al., 1990), although recent
work, based on §'3C ratios, suggests, amongst
other things, that the Northern Hemisphere land
biosphere did absorb large quantities of carbon
over the past few years (Francey et al., 1995;
Keeling, 1995; Ciais et al., 1995a,b).

Nevertheless, all such diagnostics of the global
carbon budget rely to model the CO, concentra-
tions in the atmosphere, which raises the question
of how sensitive the derived CO, budget is to the
prescribed atmospheric transport. Apart from
model validation with inert tracers like 2*?Radon
and ®*Krypton the only method we can use to
tackle this problem is model comparison. In a first
attempt to do so, (Rayner and Law, 1995,
Transcom I) have run 12 transport models using
the same sets of CO, fluxes, and compared the
different modelled concentration fields. This com-
parison shows that atmospheric transport models
predict very different concentration fields starting
from the same prescribed source. In the present
study, we compare in detail the transport patterns
of two atmospheric models and the implication of
the transport differences on the carbon budget of
the 1990s. These models are both widely used in
modelling atmospheric CO, (see Table 1). The first
model is a bidimensional model (latitude-vertical)
first developed by Plumb and Mahlman (1987)
and further adapted by Tans et al. (1989) at the
Climate Monitoring and Diagnostics Laboratory
of the National Oceanic and Atmospheric
Administration (NOAA/CMDL). It is used to
determine sources and sinks of CO2 from the
measurements of the NOAA/CMDL network,
through an “inverse” calculation. Later modifica-



570

tions were made to include other trace gas (Ciais
et al.,, 1995; Conway et al., 1994). In this model,
the atmospheric transport is based on a
Climatology of monthly air movements. The
second model is an off-line 3D model developed
by Heimann and Keeling (1989) at the Max-
Planck-Institute fur Meteorologie of Hamburg,
which has been extensively used to analyse the
global CO, budget (Heimann and Keeling, 1989;
Heimann et al, 1989; Keeling et al, 1989;
Ramonet, 1994). It is an off-line transport model
based on observed meteorological parameters with
a 12 hour time step. Neither model includes a
dynamic and explicit formulation of the planet
boundary layer (PBL).

We present here a protocol to compare these
models, based on three experiments (A, B, C) that
make it possible to point out to the specific
abilities of each model in simulating the mixing
of atmospheric CO,.

Experiment A. We evaluate how the two models
transport CO, emitted by the same source of fossil
fuel emissions. This provides a simple basis of
comparison which is directly relevant to the CO,
problem and allows us to fully analyse transport
patterns for the two models.

Experiment B. We use a CO, scenario including
terrestrial and oceanic fluxes. This set of “all but
fossil-fuel” CO, sources and sinks, which includes
the full seasonal cycle, was inferred from the
atmospheric NOAA/CMDL observations by
Conway et al. (1994) with the 2d model we use
here, run in an inverse mode. This 2D inverse
method gives a set of fluxes containing all the
implied processes but does not allow to fully
separate them. For example, terrestrial part of this
set includes photosynthetic and respiration fluxes
as well as the release by biomass burning, but we
cannot study each component separately. We per-
form different simulations with the 3D model,
using different longitudinal distributions of
sources and sinks. Comparing these runs with
each other allows us to evaluate and discuss the
impact of the longitudinal distribution of the
sources and sinks on the zonal profile of CO,. We
also compare these runs with the results of the
2D model.
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Experiment C. We deal with the full CO, budget
in the atmosphere using a complete CO, scenario
which includes fossil emissions as well as terrestrial
and oceanic uptake (C=A+B). Specifically, we
perform a mass balance inversion of the CO,
fluxes in latitude and time with the 3D model
using as an input the smoothed latitudinal profile
of atmospheric measurements for the period
1990-1993.

After a brief description of the two models
involved in this study (Section 2), the results of
the fossil fuel simulation are analysed in terms of
transport discrepancy between the two models
(Section 3). Then, we deal with the other part of
the atmospheric carbon cycle, an “all but fossil-
fuel” scenario (Section 4), before performing an
inverse calculation of the complete latitudinal
profile of CO, (section 5). Finally, we discuss the
implications of several modelling uncertainties for
the balance of the carbon budget.

2. Description of the two models

2.1. 2D model (PMTmodel )

This model initially developed by Plumb and
Mahlman (1987) will be hereafter referred to as
the PMT model. The same transport fields have
also been used by Enting and Mansbridge (1989).
The atmosphere is represented by 10 vertical
pressure levels and 20 latitudinal bands of equal
area (Table 1), with a current time step of 6 h.
There are monthly fields of advective motion
(stream function) and a spatially varying diffusion
tensor, which describes the effects of eddy mixing
via a flux-gradient parametrization. Together, they
describe the average monthly and zonal mean
transport of the GFDL general circulation model
(Mahlman and Moxim, 1978), as determined by
simulating two artificial tracers (Plumb and
Mahiman, 1987). The lower vertical diffusivities
between 1000 mb and 800 mb have been increased
by a factor of 2 compared to the initial version of
the PMT model as proposed by Tans et al. (1989),
which has the effect to improve the simulated
seasonal cycle of CO2 in the vertical dimension.
In addition, a convective mixing was explicitly
added later to the vertical transport at each time
step (Brost and Heimann, 1991).
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Table 1. Main characteristics of the PMT and the TM2 model
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Characteristics

PMT model (2D)

TM2 model (3D)

horizontal resolution
vertical resolution
winds

advection

convection

vertical diffusion

winds timestep

20 latitudinal sinus bands
(same area)
10 equidistant sigma layers
climatology
advective/diffusive scheme
(Plumb and Mahlman, 1987)
adjustment
(Brost and Heimann, 1991)
advective/diffusive scheme
(Plumb and Mahlman, 1987)
monthly mean (interpolated)

7.5°%x7.5°
(48 x 25 grid points)
9 sigma layers
ECMWEF observed winds
slope scheme
(Russel and Lerner, 1981)
convective clouds from
(Tiedtke, 1989)
stability dependent diffusion
(Louis, 1979)
12h

computing timestep 6h

3h

2.2. 3D model (TM2 model )

Originally developed at NASA-GISS by Russel
and Lerner (1981), this model has been further
revised by Heimann et al. (1989-TM1, 1995-TM2).
The version of the TM2 model used in this study
has 9 vertical levels in sigma coordinates that
extend from the surface to 10 mb. The horizontal
resolution is of 7.5° by 7.5° (Table 1) with a time
step of 3 h. It is an off-line transport model based
on meteorological fields analysed by the European
Center for Medium Weather Forecast (ECMWF)
every 12h. Both shallow and deep convective
mixing together with vertical diffusion are calcu-
lated at each time step (Louis, 1979; Tiedtke,
1989).

2.3. Main differences

There are important specific differences between
the two models. First, in a 2D model, the zonal
mixing of air masses is assumed to be fast com-
pared to meridional mixing. This is the main
justification for two-dimensional modelling of
atmospheric transport. Such an assumption is not
necessary in the TM2 model where the longitud-
inal air flow is explicitly accounted for. Secondly,
the PMT model has climatological wind fields
whereas TM2 has analysed ones, based on met-
eorological observations. As a consequence, the
PMT model has no inter-annual differences in the
atmospheric transport. Thirdly, both models differ
in their advection schemes. The PMT model
diffusive transport coefficients are 4-element ten-
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sors, of which the anti symmetric part contributes
to the effective advective transport, and the sym-
metric part represents purely diffusive mixing
(Plumb and Mahlman, 1987). The TM2 model
uses only the horizontal advection fields from the
ECMWF meteorological analysis, with the vertical
advection being calculated from mass conserva-
tion in each grid box. Last, the 2D-model has a
simple parametrisation of convective mixing
(Brost and Heimann, 1991) whereas the TM2
model includes a more realistic deep and shallow
convection based on clouds mass flux scheme
(Tiedtke, 1989), and vertical diffusion (Louis,
1979)

2.4. Validation of the two models with inert tracers

The vertical transport of the PMT model has
been tested with the attenuation of the seasonal
cycle of CO, and the TM2 model has been tested
using the ?22Rn measurements compiled by Liu
et al. (1984). The vertical diffusivities of the PMT
model were also compared to those derived by
Liu et al. (1984). In the PMT model, Tans et al.
(1989) observed a better agreement with the obser-
vations when the vertical diffusivities in the lowest
two model layers were doubled. In the TM2
model, Ramonet (1994) found that the vertical
attenuation of 222Rn concentrations is rather well
represented in summer but that the model over-
estimates the observations above 6 km in winter.
Using detailed airborne measurements made in
the campaign TROPOZ II, Ramonet et al. (1996)
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have also shown that TM2 reproduced most of
the observed synoptic variations in 222Rn,
although it overestimates the concentrations in
the mid-to-high troposphere. This discrepancy
indicates a too vigorous vertical mixing in the
TM2 model. This tendency is confirmed by a
recent inter-comparison of several cumulus para-
metrizations in chemical transport models
(Mahowald et al., 1995).

The large-scale transport in the two models has
been tested against 35Kr measurements (Heimann
and Keeling, 1989; Tans et al, 1989). Generally,
good agreement with observations was found. For
the PMT model, the inter-hemispheric exchange
time (i.e. the difference of the 8°Kr inventory in
both hemispheres divided by the flux across the
equator) is very close to the value of 1.1 year
obtained by Jacob et al. (1987) with the GISS
transport model (Prather et al., 1987). For the
TM2 model, no #Kr calculation was published,
but the figure is close to TM1 (Ramonet, unpub-
lished results) with a value of 1.3 years, suggesting
that the mixing between both hemispheres is
slightly faster in the real world than as represented
by the model (Heimann and Keeling, 1989). Note
that a tracer like 8°Kr is not analogous to CO,
because it is emitted only at a few specific locations
with no seasonality, although it gives a good idea
of inter-hemispheric mixing in atmospheric
models. However, 8*Kr may be a close match to
the fossil-fuel CO, tracer for which we calculate
the inter-hemispheric exchange times in Section 3.

3. Experiment A, fossil fuel simulation

We run both models with the same fossil fuel
source of CO, prescribed by Tans et al. (1989). In
the TM2 model, we distribute this zonal source in
longitude according to the distribution of the fossil
fuel emissions calculated by Marland et al. (1985).
The total magnitude of this source is 508 Tmol
yr~! (6.09 GtC yr~!-1 Tmol=10" mol=0.012
GtC). We have run both models during four years,
following the protocol of Transcom I (Rayner and
Law, 1995). The first three years are a spin-up
and the results are presented for the fourth year
of simulation. For TM2, we repeat identically the
1990 meteorological winds and convection during
the four years of simulation.

Fig. 1 presents the zonal annual surface concen-
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Fig. 1. Zonal annual mean surface concentration in fossil
CO, (experiment A) for the fourth year of simulation.
The PMT model (dashed line) is compared to the TM2
model (solid line). Curves are relative to the global mean
mixing ratio for January which explains negative
concentrations.

tration in fossil CO, as calculated in both models.
The concentrations are calculated relative to the
global mean atmospheric mixing ratio found by
the models in January of the 4th year of simula-
tion. This reference is identical in both models.
Mixing ratios in the PMT model and the TM2
model are interpolated at the same 950 mb pres-
sure level. North of 30°N, the two models trans-
port fossil CO, in a relative similar manner at the
surface. Across the equator, the TM2 model pro-
duces a steeper decline in fossil CO, than the
PMT model, indicating that at the surface level,
the north/south mixing in the inter-tropical zone
is weaker in TM2. In the southern extra-tropics
and at high southern latitudes, the opposite beha-
viour is observed since the TM2 model appears
to mix fossil CO, more vigorously than the
PMT model.

To fully compare the large-scale meridional
transport in the two models, we must consider all
the vertical layers. It is common practice to use
vertical column averages of the north to south
fluxes to estimate the strength of the transport.
However, in this steady state experiment, where
sources are in equilibrium, the model fluxes across
any vertical zonal column are identical in both
models. The resulting latitudinal profile is the
profile that is necessary to produce such a flux for
both models. Thus, we have calculated in Table 2
the interhemispheric exchange time defined as the
north minus south difference in mean concentra-
tion divided by the flux across the equator. Table 2
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Table 2. Inter-hemispheric exchange time for both
models (years), defined as the difference between
the concentration means in the two hemispheres
(global ) or the concentration means at surface in
the two hemispheres (surface), divided by the con-
centration flux across the equator

Model Global Surface
TM2 model 1.24 1.56
PMT model 0.97 1.36

shows the exchange times both for the global
atmosphere and also for the surface level only.
Table 2 indicates that the PMT model has a faster
north/south mixing than TM2 not only at the
surface level (~ + 15%) but also averaged through
the vertical (~ +25%). Fig. 2a compares the mod-
elled concentration fields in both hemispheres.
The PMT model exhibits a smaller global north
to south difference than the TM2 model (~20%
and 40% smaller respectively at 500 mb and 200
mb). This difference is only 15% at the surface
(Fig. 1) and is fully consistent with the differences
in 8Kr exchange times (section 2). Fig 2b, ¢
display the zonal annual concentration in fossil
CO, for both models. At mid-northern latitudes,
above the main source region, CO, emitted at the
surface penetrates higher in altitude in TM2 than
in PMT, resulting in a smaller gradient across the
tropopause for TM2. This means a stronger intra-
hemispheric mixing for TM2 than for the PMT
model, above main source region. We miss here a
specific tracer of the intra-hemispheric exchange
to quantify more precisely this effect. At the
equator, the southward flow of CO, is detected
for TM2 mostly in the mid-to-high troposphere
(o0 0.2 to 0.6), whereas the PMT model instead
exhibits a tongue of northern hemisphere air flow-
ing to the south at sigma ~0.2. Note also that,
across the equator, the isolines are closer to one
another for TM2 than for the PMT model. This
means that TM2 also exhibits the “braking” effect
that was seen at the surface (Fig. 1) along the
whole vertical. These differences in transport pat-
terns are consistent with the remarks made previ-
ously about horizontal and vertical validation of
the two models (Heimann and Keeling, 1989; Tans
et al., 1989).

Apart from the annual average transport pat-
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Fig. 2. Vertically intagrated annual mean concentration
in fossil CO, for the fourth year of simulation (in ppm).
(a) Annual northern and southern hemisphere mean con-
centration for the PMT model (dashed line) and for TM2
(solid line). The zonal annual mean concentration for
the TM2 model (b) is also compared to the one for the
PMT model (c). All the curves are relative to the global
mean mixing ratio for January, which explains negative
concentrations.

terns, we examined the variations in the
north/south CO, profile due to inter-annual
changes in the ECMWTF fields used in TM2. Fig. 3
plots the annual zonal mean concentrations in
fossil CO, at the surface obtained with the same
fossil fuel source but with specific ECMWF fields
from 1990 to 1994. We find that the maximum
difference over the five-year period does not exceed
0.2 ppm and is maximum over mid-north latitude
source region. This difference maybe either due to
climate variations or to ECMWF analysis of
meteorological fields (ECMWF analysis model
has changed in 1993). We have also performed a
sensitivity test to check the respective influence of
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Fig. 3. Influence of different years of the ECMWF met-
eorological fields on the modelled zonal annual surface
mean concentration in fossil CO, (experiment A). The
model used is the TM2 model. Input fluxes are fossil fuel
emissions from Tans et al. (1989), distributed in longitude
according to Marland et al. (1985). All curves are relative
to the global mean mixing ratio for January of the corres-
ponding year.
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winds and convection on these variations.
Roughly, we keep either convection fields or wind
fields constant during the simulation to evaluate
the respective part of each field in the differences
of latitudinal profiles. Averaged over the 5-year
period, it appears that this influence for both
winds and convection is of the same order.
Consequently, the influence of inter-annual vari-
ability of meteorological ECMWF fields on the
annual mean CO, latitudinal profile is weak com-
pared to the differences between the two models.

4. Experiment B, “All but fossil-fuel”
simulation

The goal of this section is to evaluate the
influence of the longitudinal distribution of CO,
sources and sinks in the 3D model, using an “all
but fossil-fuel” scenario which includes both ter-
restrial and oceanic fluxes with their respective
seasonal cycles.

We have used the CO, sources and sinks
inferred from the atmospheric NOAA-CMDL
observations, using the PMT model run in an
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inverse mode. A detailed presentation of the
NOAA-CMDL CO, measurements is given in
Conway et al. 1994. The inverse calculation of the
fluxes from flasks measurements was developed
by Tans et al. (1989), and has been further used
by Conway et al. (1994) and by Ciais et al. (1995).
Briefly, the individual time series of flask data at
each site of measurement is first smoothed in the
time domain using the curve fitting and data
extrapolation method detailed in Masarie and
Tans (1995). Gaps in the data are filled by using
stable characteristics of nearby sites. A weekly
latitudinal fit of the smoothed time series at each
site is then constructed, in which a greater weight
is given to sites with a higher number of sample
pairs. We subtract the well known fossil fuel
emissions from the inferred surface fluxes to obtain
a 2D-set of “all fluxes excepting fossil fuel” (terrest-
rial biosphere + ocean). This zonal source is plot-
ted on Fig. 4a: the equatorial release and the mid-
northern latitude sink are clearly identified, the
others latitudinal regions being small sources or
sinks.

We apply these zonal fluxes to the TM2 trans-
port for four consecutive years, using a three year
spin up, and archiving the simulated CO, concen-
trations in the subsequent four years. These years
correspond to the period 1990-93 period for 1/the
annual meteorological fields and 2/the CO, zonal
fluxes deduced from the NOAA/CMDL observa-
tions. Running zonal CO, fluxes in a 3D model
raises the problem of the longitudinal distribution.
Because the meridional transport across the
Equator is not uniform in longitude (Barry and
Chorley, 1987), the simulated CO, latitudinal
profiles in TM2 should depend strongly upon the
sources and sinks positions in longitude. In order
to examine such interactions between fluxes and
southward transport, we have performed 3 simula-
tions. In run B1, we distribute the zonal fluxes
inferred from the 2D inversion evenly in longitude
(Fig. 4a). In run B2 we use two uniform distribu-
tions in longitude, one for land and one for the
oceans (Fig. 4b). The separation of the terrestrial

Fig. 4. Annual mean flux scenarios for the 3d simulations (year 1992) : in run B1 (a) we distribute the zonal fluxes
inferred from the 2D inversion evenly in longitude. In run B2 (b) we also use a uniform distribution in longitude
but make a distinction between ocean and land fluxes based on independent information brought by §'*C measure-
ments. In run B3 (c), we distribute terrestrial fluxes proportionaly to the annual mean NPP from Ruimy et al. (1994),

keeping zonal oceanic fluxes.
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fluxes is done according to a double deconvolution
of 813C measurements by Ciais et al. (1995b). In
run B3, we distribute terrestrial fluxes proportion-
ally to the annual mean NPP from Ruimy et al.
(1994), keeping the oceanic fluxes zonal (Fig. 4c).
This represents a step towards a more realistic
geographical distribution of the CO, fluxes.

Fig. 5a plots the zonal mean surface CO, profile
obtained in the PMT model and in the three TM2
runs. All runs B1, B2 and B3 exhibit zonal concen-
tration fields relatively close to each other but
which differ significantly from the PMT model
run. The largest difference between TM2 and PMT
occurs at mid-northern latitudes (0.7 ppm between
PMT and run Bl and 0.5 ppm between PMT and
runs B2/B3). Another significant discrepancy can
be observed in the tropics where the 3D runs are
very close to each other but differ from the 2D
run by 0.5 ppm around the equator. This behavi-
our corresponds to a weaker inter-tropical hori-
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Fig. 5. Zonal annual mean concentration of CO, for the
different “all but fossil-fuel” simulations (year 1992). a)
Latitudinal surface concentrations in ppm. We compare
the PMT model (bold dashed line) with TM2-run Bl
(dashed line), TM2-run B2 (dotted line) and TM2-run
B3 (solid line). b) Vertically integrated differences
between TM2-runB3 and TM2-run Bl (ppm). All the
curves are relative to the global mean mixing ratio for
January 1992.
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zontal mixing in TM2, and a higher northern mid-
latitude convection compared to the PMT model,
as underscored in section 3. Consequently, match-
ing the observed CO, latitudinal profile with the
TM2 transport would require a smaller sink at
mid-northern latitudes and a smaller source in the
tropics than those deduced by Conway et al.
(1994) and Ciais et al. (1995b) with the PMT
model. We will quantify those concentrations
differences in term of CO, fluxes in Section 5.
Furthermore, the impact of longitudinal distri-
bution of the sources and sinks is not negligible.
Run B2 and B3 are close to each other but they
differ significantly from run B1 in extra-tropical
regions. This suggests that the ocean versus contin-
ent partitioning has a greater effect on the inter-
hemispheric CO, latitudinal profile than the parti-
tioning as a function of NPP within the continents
as it implies greatest differences in the initial fluxes
(see Fig. 5). So, we restrict our discussion now to
runs Bl and B3. Some possible mechanisms can
be found to explain the differences between runs
B1 and B3. At mid-northern latitudes, biospheric
uptake has a strong seasonality, with a maximum
in summer when vertical mixing over the contin-
ents is strongest. Moreover, convection is much
greater above land areas than above the oceans
at these latitudes. Therefore, distributing the mid-
northern sink mainly on the continents (run B3)
induces a stronger vertical dilution of this sink
and consequently reduces the depletion of surface
concentrations compared to zonal run Bl. To
illustrate this point, Fig. 5b show the vertical
section of the zonal annual mean difference
between run B3 and run B1. The surface and the
low troposphere in mid and high northern latit-
udes are less depleted in “all but fossil fuel” CO,
in run B3 than in run B1 (strong positive anomaly)
due to the vertical dilution by convection.
Consequently, a small negative anomaly is found
in the rest of the atmosphere. In the tropics, a
second effect occurs which could compensate the
first one. In fact, the strong inter-tropical source
(see Fig. 4) is located more over equatorial Africa
in run B3, instead of being distributed on both
oceans and continents for the run B1. Now, if we
look closely at the position of the ITCZ in the
tropics (Barry and Chorley, 1987), we find that
for a large part of the year, especially in boreal
summer, the equatorial Africa is at the north of
the equator trough. In contrast, the ITCZ is more
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stable over oceans, and corresponds to a preferen-
tial injection of equatorial fluxes into the southern
hemisphere. Thus, more tracer is kept in the
northern tropics in run B3 than in run B1; this
mass is vertically diluted by strong equatorial
Africa convection and transport northward by
Hadley cell. Finally, by distributing the equatorial
source in longitude we reduce the efficiency of
inter-hemispheric exchange in TM2. This reduc-
tion can be observed in Fig. 5a where one may
notice a flip-flop effect at the surface between the
two hemispheres : values for run B3 are higher
than those for run B1 in the northern hemisphere
but lower in the southern hemisphere. This effect
is weak but qualitatively significant.

5. Experiment C, full CO, cycle experiment

The goal of this section is to evaluate the
influence of modelled transport on the carbon
budget using a complete CO, scenario which
includes fossil emissions as well as terrestrial and
oceanic fluxes.

We use the same ocean and land CO, sources
and sinks as in experiment B3, adding fossil fuel
emissions prescribed by Tans et al. (1989), distrib-
uted in longitude over the continents (experiment
A) and actualised for the years 1990-1993
(Conway et al., 1994). We run this complete CO,
scenario with TM2 (run C=run B3+run A). We
also run the corresponding zonal scenario, inferred
from the PMT inverse model, in the forward
version of the same PMT model to verify that we
obtain the observed latitudinal profile from which
we originally started.

Fig. 6 plots the zonal annual surface concentra-
tion of CO, obtained in the PMT model (observed
meridional profile) and in the TM2 model (run
C), for the year 1992. Fig. 6 thus combines the
differences outlined in Fig. 1 and Fig. 5. In com-
paring Fig. 6 to Fig. 5, we find differences between
the 2d and 3d model in the northern hemisphere
more or less as expected from the discussion
above. However, the discrepancy between the
TM2 and PMT model in the tropics is not so
apparent in Fig. 6. The fact that TM2 keeps more
tracer emitted locally in the tropics (see Fig. 5) is
partially compensated by a weaker advection of
fossil CO, coming from northern hemisphere at
the surface (see Fig. 1). It is important to translate
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Fig. 6. Zonal annual surface mean concentration of CO,
for the PMT model and the TM2 model (year 1992): we
compare observations (dashed line) to the TM2-run C
(solid line). Both curves are referred to the global mean
mixing ratio for January 1992.

such differences in the modelled CO, concentra-
tions between the TM2 and the PMT model in
terms of net surface fluxes. In other words we
must estimate what zonal CO, fluxes are needed
in the TM2 model to match the observed zonally
averaged latitudinal profile. We describe below an
iterative mass balance inversion of the smoothed
observed CO, latitudinal profile using the TM2
winds. The question is to determine what zonal
sources in the 3D model give the same CO, zonal
mean as the original 2D profile.

The inverse calculation is constrained by weekly
zonal meridional profiles in the CO, mixing ratio
Cyq (4,t), where A represents the different latitude
bands and ¢ the weekly interval. For every TM2
model time step (3 h), we calculate the instantan-
eous zonal profile Cy4 (4,t) in the 3D model, from
which we subtract C,y (4,t) to obtain a flux
correction factor f defined as:

B=(Csq) (A1) = Coq (A1) xfx Ty

where fis the conversion factor between ppm and
GtC (2.122 GtC.ppm™!) and T, is the air mass
contained in the latitude band A divided by the
total mass of the atmosphere. The value of f§ in
each latitude band 4 is distributed evenly in longit-
ude over the TM2 model grid in order to correct
the source field and to yield the required atmo-
spheric concentrations C,q (4,¢). This flux correc-
tion starts in the first year of spin-up to ensure a
steady state regime after the fourth year.
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Numerically, our flux correction proved to be
unstable when the initial value of  was too large,
roughly of the order of the source to be corrected.
To avoid this problem, f is attenuated during
spin-up, by 50% on the 1st year of correction and
by 25% on the 2nd year. The corrected fluxes are
saved at each time step for other possible itera-
tions. In order to minimise the difference between
the inverted concentrations and the observed
“target” concentration fields, we iterate this pro-
cess several times with the sources as in run C.
Using this methodology, we obtain a zonal
carbon budget with TM2 which is compared, for
the year 1992, to the sources inferred by Conway
et al. (1994) with the PMT model (Fig. 7). Table 3
provides the resulting fluxes averaged over wide
latitude bands for 1990-1993. In the northern
hemisphere, Fig.7 shows that the position in
latitude of the sources and sinks is approximately
the same in the two models. However, its strength
is different. North of 65°N, the initial source is
reduced by 35 Tmol yr~! and becomes a small
sink (15 Tmol yr~!). The CO, uptake at mid-
northern latitude is 80 Tmol yr ~! smaller as given
by TM2 than by the PMT model for period
1990-93. This difference almost reaches 100 Tmol
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yr~!in 1992. The equatorial source is also reduced
by 40 Tmol yr~! over the period 1990-93 when
inferred by TM2. In addition, TM2 shifts the
equatorial source southward by roughly 10° (from
10°N to 0°) compared to PMT. Since TM2 has a
weaker surface transport across the equator
(Fig. 1), the inverse calculation must inject CO,
further to the south to match the observations in
this latitude band. The CO2 uptake at mid north-
ern latitudes and the release in the northern tropics
as inferred by mass balance calculations are correl-
ated because their relative strength depends on
the intensity of the mixing within the Northern
Hemisphere. Thus, Fig. 7 suggests, as Fig. 2, that
the PMT model has a weaker intra-hemispheric
mixing than TM2, although it has a stronger
transport across the equator. In the southern
extra-tropics, the fluxes derived from both models
do not differ by more than 15 Tmol yr~*. Finally,
note that running experiment C with (B1+A)
instead of (B3+A) leads to differences in the
inferred carbon budget lower than 15 Tmol yr~*.
The differences observed in experiment B on the
latitudinal profiles and due to the longitudinal
distribution of fluxes are smoothed by the zonal
inversion performed here.

Table 3. Zonal carbon budget inferred from the TM2 model for the period 1990-1993

Year 1990 90S-20S 20S-0 0-20N 20N-65N 65N-90N GLB ACC
PMT model —120 40 120 —360 35 —285 225
TM2 (run C) —130 90 35 —270 —10 —285 225
Year 1991

PMT model —125 --25 160 —365 40 -315 200
TM2 (run C) —135 40 60 —280 <5 —315 200
Year 1992

PMT model —125 -25 160 —410 15 —385 125
TM2 (run C) —120 10 60 -315 —20 —385 125
Year 1993

PMT model —110 <5 120 —350 <5 —340 175
TM2 (run C) —115 45 50 —310 —20 —340 175

GLB represents the global natural sink (Tmol yr~!) and ACC the annual mean accumulation in the atmosphere.
Fossil fuel emissions are, respectively, of 508, 516, 508 and 513 Tmol yr~! (6.09, 6.19, 6.09 and 6.15 GtC yr %,
respectively) for the years 1990, 1991, 1992 and 1993. Main differences are in bold. We do not write figures smaller

-1

than 5 Tmol yr
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Fig. 7. Corrected CO,surface fluxes to match observed zonal concentration with the TM2 model (Tmol yr~

1

degree ™!). Annual means for year 1992. Fossil fuel emissions have been subtracted. Dashed bars represent the initial
CO, fluxes found by Conway et al. (1994). Plain bars are the result of a zonal mass balance inversion performed in

this study with the TM2 model.

6. Discussion

This work shows that there are important
changes in the global carbon budget required
when moving from one atmospheric transport
model (PMT) to another (TM2). This result is
very important as it implies that the uncertainty
due to modelled transport is a major uncertainty
for the inversion studies as well as the scarcity of
the measurement network. Future 3d inversions
should take into account this result. Particularly,
inter calibrations between transport models must
be pursued to establish more rigorously the mixing
behaviour of different models in the vertical
dimension. Even more importantly, more data are
needed in the vertical to constrain the models
better. Dealing almost exclusively with observed
surface mixing ratios makes the inferred carbon
budget too model-dependent. As an example, if
we only refer to the surface layer, we have com-
pared two relatively similar models when looking
at the wide range of variations between Transcom
models (Rayner and Law, 1995). But, by analysing
their behaviour on the vertical, we showed that
they lead to different structures of CO, concentra-
tions and thus to different carbon budget.

Recently, another cause of uncertainty in the
modelled transport has been raised by Denning
et al. (1995). They show that the simulated
north/south CO, latitudinal profile due to sea-
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sonal exchange with terrestrial biota (2 ppm from
pole to pole) is nearly half as strong as that
imposed by the fossil fuel emissions (4.5 ppm)
when using a GCM (CSU GCM) including a
parametrisation of the Planet Boundary Layer
(PBL). Neither of the two models in this study
has an explicit and complete implementation of
the PBL. However, one can say that the TM2
model has a crude boundary layer representation
because the vertical diffusion coefficients calcu-
lated with the scheme of Louis et al. (1979) are
dependent on the stability of air. The effect of this
is limited both by the large time interval of
ECMWF meteorological fields (12 hours) and by
the relatively coarse vertical resolution of this
version of the TM model close to the ground
(roughly two levels between 0 and 1.2 km). We
expect that the addition of a PBL in TM2 (or
even just a few more levels close to the surface)
would increase significantly the mid-northern latit-
ude sink of CO, inferred by the inversion because
of the co-variation of vertical transport and the
biological CO, source/sink. When the vertical
mixing is strong during summer CQO, sinks prevail,
whereas during winter the CO, sources dominate
while the mixing is weak, allowing substantial
build-up in the PBL. Rayner and Law (1995)
show a tendency for the modelled latitudinal
profiles to fall into two groups, with or without
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an explicit PBL, when dealing with seasonal
exchange between atmosphere and land biota.

Finally, dealing with these two model uncertain-
ties and different sets of recent §'3C measurements,
it seems that the idea of a strong biospheric sink
of CO, in the northern hemisphere for the 1990s
is not so controversial at the present time (GAIM
conference, Garmish Partenkirshen, Germany,
September 1995). The problem is to simulate
properly the exchanges between atmosphere and
land ecosystems for this period that seems very
different from the 1980’s for the carbon budget.
We show that the uncertainty due to modelled
atmospheric transport needs to be considered as
well as other uncertainties, on sources and sinks
or on measurements. In order to fully understand
the atmospheric carbon cycle during the 1990,
we must reduce the uncertainty due to modelled
transport and continue to work on the
Biogeochemical mechanisms explaining ocean and
terrestrial biosphere CO, global uptake. This pro-
tocol is a step in this direction that allows to
understand and quantify the transport differences
existing between two models. An improvement
would be to infer partitioned fluxes between ocean
and land with TM2. To do so, the information
given by 6'3C measurements (Ciais et al., 1995)
should be integrated in the TM2 model.

7. Conclusions

In this paper, we evaluate one uncertainty intro-
duced by modelled atmospheric transport on the
balance of the carbon budget. To do so, we
propose a protocol to compare the ability of two
atmospheric transport models to account for the
different components of the atmospheric carbon
cycle. Using only fossil fuel emissions (experiment
A) lead us to conclude that the PMT model has
a stronger north/south mixing than TM2 by about
25% for the global atmosphere. Vertical mixing
above source regions is found to be much weaker
in the PMT model than in TM2. Analysing “all
but fossil experiment” (experiment B) provide us
with two important results. First, using the 3D
transport of TM2 to carry sources and sinks
inferred from the inverse PMT model leads to
major differences in surface concentrations in the
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tropics and at mid-northern latitudes. Secondly,
differences between the TM2 simulations we per-
formed show that the influence of the distribution
of sources and sinks in longitude has a significant
effect on surface concentrations on both sides of
the equator. This result implies that the zonal
assumption made in 2D studies is not so robust
even if the effect on surface concentrations is not
as important as the previous effect of modelled
transport. Finally, owing to a set of full CO, fluxes
(experiment C), we find that using a 3D model
with a weaker large-scale transport, we reduce the
equatorial release by about 40 Tmol yr~* and the
mid the northern latitude sink by about 80 Tmol
yr ! for the years 1990-1993 when comparing to
the initial 2D budget. These differences between
2D and 3D transport do not strictly speaking
constitute an error, but rather a range of variation
between two given models. We note however that
this range is comparable in magnitude to the
global data-based error range derived by Ciais
et al. (90 Tmol yr~') and by Enting et al. (125
Tmol yr~! for oceans and 105 Tmol yr~! for
biota) on the carbon budget as inferred by 3C
isotopes.

This three-step protocol allows to derive the
main differences on large-scale transport for two
models and to quantify the discrepancy between
atmospheric latitudinal profiles in terms of net
CO, surface fluxes.
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