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Abstract Seasonal variations of CO, emissions from the land biota and oceans are re-
trieved by use of an inverse method. Concentrations of CO,, computed by an atmospheric
chemical transport model (NIRE-CTM-93), are fitted to the observed CO, concentrations
in terms of annual mean concentrations between 1984 to 1985, one-year period compo-
nents, half-year components, and a global trend averaged over the years 1979 to 1996. The
emissions due to fossil fuel combustion, those from land biota consisting of thirteen land
areas, and those from the ocean consisting of twelve oceanic areas, are considered. The
problem is solved by a least squares method, using singular value decomposition. A prior
estimate of the emissions due to fossil fuel combustion is used as a tight constraint. When
the annual mean emission, the net flux from the land biota during the growing season,
and the net flux from the ocean are loosely constrained to zero, the solution indicates that
areas consist of two groups. That is, those areas with relatively reliable estimates and
those without. No reliable estimates are obtained for Africa, tropical and South America,
tropical Asia, the tropical and the South Atlantic Ocean, and the western tropical Pacific.
A reasonable global budget is not obtained due to unreliable estimates. The amplitude of
the seasonal variations over middle-latitude North America is found to be less than that
of some tropical land areas.
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1.Introduction

Significant seasonal variations in concentrations of atmospheric CO; have been noted
since the commencement of systematic measurements, as was demonstrated by Bolin and
Keeling [1]. They attempted to relate the latitudinal distribution of CO, sources and
sinks to the latitudinal distribution of concentrations, using a one-dimensional diffusion
model. The latitudinal distributions of minor constituents are the result of atmospheric
transport, as well as the horizontal distribution of the emissions. The tropical interhemi-
spheric exchange process and vertical transport over the source area are major factors
that determine the latitudinal distributions of minor constituents, if the lifetimes of the
constituents are longer than a few years. A wide range of latitude distributions has been
obtained from transport model intercomparisons (TransCom) [18, 3].

2.Research Objective




When constituents are absorbed and released as the seasons progress, such as in the
case of carbon dioxide, a rectification process plays a significant role in the distribution
of surface concentrations. Rectification is a term from electrical engineering for a process
that results in direct currents from alternating currents. In the context of global carbon
cycle studies, the term rectifier is used for the annual mean concentration in GCTM that
is produced from the horizontal distribution of sources and sinks, which are in balance
at each geographical location. Since the interhemispheric exchange of air is governed
by the Hadley cell in the tropics, seasonal variations of the strength of the Hadley cell
over the tropics, and vertical profiles of CO; are potential sources of rectifications [16, 10].
Seasonal variations of the planetary boundary layer (PBL) which modify vertical diffusion,
can also potentially produce rectifications when the variations are correlated with the
seasonal variations of the emissions [4]. Seasonal variations of local wind directions,
if correlated with the seasonal variations of the emissions, also have the potential to
produce a rectification [20]. A large range of rectifier strength has been reported by [18],
as a result of the TransCom study. In the TransCom study, source and sink distributions
were provided by Fung et al. [8] who estimated the seasonal variations of CO, exchange
between the land ecosystem and atmosphere, based on a normalized vegetation index
(NDVI), derived from satellite observations and a simple soil model. All GCTMs in the
study produced amplitudes of seasonal variations larger than those observed.

Either or both the GCTMs and biospheric models for producing sources and sinks
may be responsible for the failure to reproduce the observed seasonal concentrations. The
present paper demonstrates the seasonal variations of the CO, exchange over land and
ocean assuming the GCTM used is correct. A steady state of the seasonal cycle is also
assumed. The method may be described as a synthesis inversion, as developed by [5, 6].

3.Research Method

Here, for the sake of convenience, a portion of the theory discussed in Enting et al. {5]is
replicated. The synthesis inversion seeks to estimate the strength z, of the N source/sink
processes, by comparing M observed concentrations ys (with standard deviations u;) to
responses calculated using an atmospheric transport model. If the model response for
observation j to a source p of unit strength is Hj,, then a fit is made on the assumption

that
yi = > Hjz,+¢ _ (1)

where ¢; 1s observational noise. In the Bayesian formalism, the fit is constrained to take
into account prior estimates s, of the source strengths.

The synthesis inversion process requires three components:

(i) a prior estimate of the strength of the source elements s,, with a specified range p, ,
(ii) observational data y? with specified uncertainties u;,

(iii) a global chemical transport model to calculate the responses Hj,.

While the code to obtain solutions is exactly the same, the transport model, source
components and dataset differ from those in [5].

A single source element has a fixed horizontal distribution within an area, and temporal
variations. The horizontal distribution of emissions due to fossil fuel combustion [11] is
fixed in time in the present experiment. Area separations are shown in Fig.l in which
thirteen land area and twelve oceanic area are indicated by the shades. Five temporal
variations consisting of a constant emission, the sine and cosine of the annual cycle, and
the sine and cosine of the semi-annual cycle are considered over land. Since very little is
known about the seasonal cycle of the exchange over the ocean, only the first harmonic
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of the year is considered over ocean areas. Based on some preliminary experiments, prior
estimates and their uncertainties are specified as follows. Fossil fuel 5.34£0.3 GtC/yr,
constant emissions over all land and oceanic area 0.0+2.0 GtC/yr, seasonal component
over six land areas (the Amazon, North Africa, tropical Africa, Indonesia, South Africa,
and South America) 0.040.5 GtC/yr, that over remaining land area 0.04+10.0 GtC/yr,
seasonal component over the oceans 0.0+0.5 GtC/yr.

Daily surface monitoring data, biweekly flask samples, and aircraft measurements
obtained during the observation period were used for the retrieval. Vertical profiles of
concentrations are included, because these data were found to have significant impact on
the seasonal cycle of the global burden according to a preliminary study. Flask sampling
data from the National Oceanic and Atmospheric Administration/ Climate Monitoring
and Diagnostics Laboratory (NOAA/ CMDL) [2] designated as ‘complete’, were obtained
via the internet (ftp.cmdl.noaa.gov). Daily sampling data from the Hungarian Meteoro-
logical service and Umweltbundesamt were provided on a CD-ROM, compiled at WD-
CGG/WMO [22]. Aircraft observations at Cape Grim [15, 14] were also obtained via the
internet (atmos.dar.csiro.au). Aircraft sampling data over Japan [21], along a trajectory
between Japan and Australia [13] and vertical profiles over Siberia, were provided by Prof.
Nakazawa of the University of Tohoku (personal communication).

The uncertainties (1 s.d) are set as 0.1 ppmyr™' for the global trend of 1.41 ppmyr~!
(equivalent to 3 GtCyr~! emission) at the South Pole, and 0.3 ppm for the mean concen-
trations at all other relevant sites. Root mean squares of the residuals of the data from
a fitted curve are used for the uncertainties of the annual and semi-annual components
(see Table 2).

The model (NIRE-CTM-93) uses a semi-Lagrangian scheme over a horizontal grid
having a resolution of 2.5 degrees, and 15 vertical sigma levels (0.99, .925, .85, .7, .5, 4,
3, .25, .2, .15, .1, .07, .05, .03, .01). The CTM is driven by the departure points and
planetary boundary layer height dataset, derived from the operationally assimilated mete-
orological data of the European Center for Medium Range Weather Forecasts (ECMWF)
for the year 1992. Concentrations are obtained every 6 hours. Further details are given
in Taguchi [20]. The integration to create the responses H;, starts from a globally ho-
mogeneous distribution of 350 ppm and continues for three years, making use of the 1992
meteorological data. The responses H;, are calculated at the surface and upper levels of
the gridpoints corresponding to observational sites.

4 Result

Mean flux obtained by the inverse problem is demonstrated in Fig.1. Closed circle and
open circle correspond to zero flux over land and ocean, respectively. Distances between
horizontal bar and the center of circle indicate the mean flux at that area. Uncertainties
are shown as length of arrows.

The remarkable feature in Fig.l is the large uncertainties over Africa and tropical
regions. One may note that three oceanic areas (the western equatorial Pacific, equato-
rial Atlantic, and the South Atlantic) have large (more than 3 GtCyr~! peak to peak)
uncertainties, which indicate that the solutions in these areas are unreliable.

The values of the mean emission over Siberia and far North America in Fig.1 are signif-
icantly large. The values of the mean flux for these two areas have very small uncertainty,
which suggests that the results are valid. In fact, those features are unaltered with the
change in constraints, the change in meteorological data for the CTM ( experiment using
ECMWF/1991), and changes in datasets (experimnets without data at NWR or SUn).




To explain these results by differences in climate, ecosystem, and industry between these
areas is beyond the scope of the present study.

The total net flux is unrealistic for all cases, because the ocean areas do not absorb
CO,, which does not agree with previous studies. It is worth considering why the net
oceanic flux acts as an emission by looking at Fig.1. First, it should be noted that the
inversion system presently used requires huge emissions in tropical regions, both for land
and ocean. When examining ocean areas, large emissions are found for the west Equatorial
Pacific and Equatorial Atlantic, where the uncertainties are the largest among the twelve
oceanic areas in all cases. While no solution exhibits absorption at the highest northern
latitudes where deep oceanic water is produced, uncertainties in the solution suggest that
the tropical region, rather than high latitude areas, as the source of the error. The global
net oceanic flux is expected to become an absorption if the emissions in tropical land
areas are increased by additional observational evidence.

The seasonal cycles over land areas in the solution and the estimates by Fung et al. [8]
are shown in Fig.2. The phases of the seasonal emissions exhibit a marked shift in only
three areas. In the area of far North America, the mid summer period reveals emissions in
the solution, in contrast to absorption found in the NDVI based estimate. Over northern
Africa, both the spring and autumn results are contrary to those found in Fung et al. [8].
Over South America, the spring emissions and winter absorption are conspicuous. As was
found over the ocean, the seasonal cycle in areas where the amplitude of the cycle is weak
may be sensitive to small changes in areas where the seasonal cycle is strong. For other
areas, the phase of the seasonal cycle resembles those obtained by Fung et al. [8], while
the timing of the maximum absorption shifts by one to two months, such as those seen
over Europe and China.

The amplitude of seasonal cycle over the middle latitudes of North America in Fig.2 is
much less than that found over Indonesia, whose expanse is one third of the area of middle
North America. It is suspected that the use of the Siberian site creates a large value of
GSNF over Siberia, which may suppress the seasonal cycle over middle North America.
It is also speculated that the use of the Niwot Ridge (NWR) results in a small seasonal
cycle over North America. To examine these hypotheses, two extra inverse calculations
in which the Niwot Ridge data, or all vertical profiles over Surget are excluded, are
conducted, There is, however, little impact over the Siberian and middle North American
areas.

5.Discussion

The major result of this study was that the global budget of CO; was obtained with
seasonal components consistent with those observed. In former studies [5, 7], seasonal
variations of sources and sinks were prescribed by biospheric models. In those studies,
rectifiers produced by the seasonal variations of sources and sinks were determined by the
biospheric models, even if the seasonal variations were not consistent with the observa-
tions. In the present study, seasonal components were treated as unknown variables and
were found to be consistent with observations.

The scheme of area separation used in the present study is temporary and subject to
future optimization. There are areas where solving the flux will obviously be difficult,
such as the western tropical Pacific and Indonesia. Indonesia is geographically included
within the western tropical Pacific (Fig.1). It may be difficult to distinguish this area
from the fluctuations of concentrations at a distant region. In the tropics, areas cover
both hemispheres, and therefore may be a source of error. The tropical rain forest, which




does not have a seasonal cycle, may be confined to a very narrow region over the equator.
The rain data, such as ISLSCP [19], show a clear seasonal migration of the rain bands
over tropical Africa, as well as the Amazon. Unfortunately, the monitoring network does
not well represent these areas, and no great improvement in the solution can be expected
by modifying of the area separation in the region.

The uncertainties obtained in the tropical and Southern Hemisphere land areas demon-
strate the importance of the coverage of monitoring sites. Without reductions in the
uncertainties at unreliable areas, the global net flux can not be improved. Observed
concentrations and flux measurements, or ecological field studies, especially in savanna
regions, the tropics, and Southern Hemisphere, may help to reduce the uncertainties. The
current progress in the standard gas intercomparison project conducted by the WMO (per-
sonal communication Prof. Nakazawa) has the potential to increase available data. Other
improvements are expected by the application of the Global View dataset [12]. Improve-
ments in the results of the inverse calculation crucially depend on the progress of these
activities. These findings are consistent with those discussed in Fan et al. [7].
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Figure 1: Annual mean flux of CO, over thirteen land areas and twelve oceanic area.
Circles indicate the zero point for the relevant area and horizontal bar denotes the solu-
tion. Verticl arrows indicate the uncertainties of the solution derived from the covariance
matrix. Ths size of flux is shown at the left bottom corner.
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Figure 2: Seasonal cycle of CO, flux over thirteen land area. Dashed lines are for the

estimates by Fung et al. [8].
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