Geophysical Monograph 55

A THREE DIMENSIONAL MODEL OF ATMOSPHERIC CO; TRANSPORT
BASED ON OBSERVED WINDS:
3. SEASONAL CYCLE AND SYNOPTIC TIME SCALE VARIATIONS

Martin Heimann,' Charles D. Keeling, and Compton J. Tucker®

Abstract. The spatial and temporal distribution of atmospheric
CO, and of its '*C/'2C ratio have been simulated with a three-
dimensional atmospheric transport model based on the observed
wind fields of the Global Weather Experiment in 1978/1979.
Modeled sources and sinks of carbon at the surface of the Earth
include: (1) CO, released from fossil fuel combustion, (2)
exchange of CO, with the terrestrial biosphere by specification of
net primary productivity from satellite data and heterotrophic
respiration from surface temperature, (3) air-sea exchange of CO,
driven by prescribed temporal and spatial variations of CO; in the
surface waters. The relative contributions of individual source
components are calculated by running the model with each com-
ponent separately. This paper describes the results of the model
simulations in terms of the seasonal cycle and synoptic time scale
variations. Acceptable agreement with observations is achieved
for northern hemisphere and tropical stations. In the southern hem-
isphere the model overestimates the observed seasonal cycle. The
relationship between the '*C/'2C isotopic ratio and CO, concentra-
tion is discussed as a potential means to distinguish biological and
oceanic contributions to the seasonal cycle.

1. Introduction

Atmospheric CO, concentrations vary systematically with sea-
son as a result of the direct removal of CO, from the air during
photosynthesis of land plants and the emission of CO; to the air by
the respiration of land plants and their detritus including soils.
Wherever the growing season is reduced or interrupted in winter,
the uptake of CO, is more strongly seasonal than respiration so
that a net drawdown of atmospheric CO, occurs during the main
growing season in summer, and a net release during the rest of the
year. The difference between the fluxes arising from photosyn-
thesis and respiration is reflected in an annual oscillation in atmos-
pheric CO,. This seasonal oscillation is observable almost every-
where in the lower atmosphere because the vigorous circulation of
the atmosphere propagates the seasonal cycle even to regions
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remote from direct seasonal plant activity, for example, to the air
above the oceans and to the geographic poles.

The oceanic carbon cycle also contributes to the seasonality of
atmospheric CO, owing to temperature variations that affect the
partial pressure exerted by CO, gas dissolved in surface waters,
upwelling and downwelling of waters with different carbon con-
tents which cause variable exchange of carbon-bearing compounds
between surface and subsurface water, the metabolic activity of
marine organisms, and the oxidation of organic remains which
withdraw and release CO, in the near surface water. The season-
ally varying biological cycle in the oceans is of comparable magni-
tude to that on land, but-the influence of this cycle on atmospheric
CO, is greatly attenuated because of the relatively slow exchange
of CO, occurring at the air-sea boundary. In the southern hemi-
sphere the seasonal CO, signal from land plants is much smaller
than in the northern hemisphere as a result of the smaller land area
exhibiting seasonal growing seasons. Here the oceanic contribu-
tion to atmospheric CO, approaches the magnitude of the terres-
trial biospheric contribution.

To some extent stationary sources and sinks also contribute to
the seasonality of atmospheric CO,, especially where atmospheric
transport is strongly seasonal, for example in the tropics. Finally,
man-induced CO, fluxes, especially the combustion of fossil fuels,
exhibit some seasonality, and even their steady component pro-
duces a non-negligible seasonal atmospheric CO, signal owing to
seasonal atmospheric transport.

Isotopic measurements provide a means to distinguish oceanic
and terrestrial biospheric contributions to the seasonal cycle of
atmospheric CO;, as noted by Keeling et al. [this volume, a]. The
terrestrial biospheric seasonal signal is accompanied by fractiona-
tion of the rare isotope, 1>C, relative to the abundant isotope, '>C.
This fractionation produces a shift in the ?C/'2C ratio of atmos-
pheric CO, which closely correlates with concentration variations.
The isotopic seasonal signal from the oceans, on the other hand, is
almost negligible [Siegenthaler and Miinnich, 1981]. Since fossil
fuel contains carbon principally of plant origin, its isotopic compo-
sition is nearly the same as carbon from present day land plants.
As a consequence the observed isotopic seasonal signal of atmos-
pheric CO,, although mainly owing to the activity of land plants,
contains a non-negligible contribution from the seasonal signal
produced by the combustion of fossil fuels.

The atmospheric CO; concentration and isotopic data provide,
by themselves, some quantitative information on the seasonal car-
bon cycle. For example, owing to the predominance of seasonality
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in the northern hemisphere and the weak exchange of signals
across the equator, it is possible to estimate roughly the overall
seasonal drawdown of CO, in each hemisphere by direct integra-
tion of atmospheric CO, records. A far more satisfactory account-
ing of the sources and sinks of atmospheric CO, can be accom-
plished, however, by employing a realistic representation of the
three-dimensional circulation of the atmosphere.

In this and in the accompanying article [Keeling et al., this
volume, b] we describe the results of a tracer modeling study
aimed at reproducing the spatial and temporal features of the
atmospheric cycle of CO, and its '*C/!2C stable isotope ratio, both
features averaged over one or more years. We employed a three-
dimensional transport model of the global troposphere based on the
observed wind fields approximately of the year 1979, coupled to a
two-dimensional, time-dependent prescription of the atmospheric
CO; sources and sinks at the surface of the Earth.

In particular our two articles jointly address the following four
questions:

(1) Is the observed spatial and temporal distribution of atmos-
pheric CO, and its '*C/'?C ratio consistent with current
knowledge about sources and sinks?

(2) What are the concentration patterns generated by individual
parts of the carbon cycle such as the terrestrial biosphere and
the surface layer of the ocean?

(3) How do individual CO, sources and sinks affect observed con-
centrations at the major observing locations?

(4) Which part of the observed temporal and spatial variability of
the CO, concentration is produced by the atmospheric circula-
tion alone?

These questions have been addressed before in several modeling
studies by means of multidimensional models of the atmosphere.
Most notably, Fung et al. [1983, 1987] investigated the three-
dimensional structure of the seasonal signal generated by the ter-
restrial biosphere alone. Their study was extended by inclusion of
seasonal exchanges of CO; with the upper ocean by Fung [1986].
Using two-dimensional models of the atmosphere (with latitudinal
and vertical resolution), Pearman and Hyson [1980], Pearman et al.
[1983], Pearman and Hyson [1986], Enting and Mansbridge
[1989], and Tans et al. [1989] assessed the contributions of all
identified components affecting the atmospheric concentration of
CO; and its stable isotopic ratio. The present study represents an
extension of a three-dimensional study by Heimann et al. [1986].

The present article contains the analysis of the simulation results
on time scales up to 1 year, including the seasonal cycle and
synoptic scale short-term variations. The discussion of the mean
annual concentration fields is deferred to the succeeding article by
Keeling et al. [this volume, b]. In the next section we present a
brief description of the transport model; section 3 summarizes the
simulated sources of CO; used in the model runs, and section 4
describes the CO; data to which the model results are compared in
section 5.

2.  The Transport Model

The three-dimensional atmospheric tracer model used in the
present study is described in detail by Heimann and Keeling [this
volume]. It has a horizontal resolution of approximately 8° lati-
tude by 10° longitude, 9 layers in the vertical dimension, and a
numerical time step of 4 hours. The tracer is advected by three-

dimensional, time-dependent wind fields and is mixed vertically by
convection. The model uses no explicit horizontal diffusion. The
wind fields were derived from the meteorological fields obtained
during the GWE (Global Weather Experiment) from December
1978 through November 1979.

The parameterization of vertical convection (including all scales
of motion which are not resolved in the wind fields on the model
grid) is described by a set of monthly transition matrices. They
were retained from a previous version of the tracer model, which
used wind fields generated from a three-dimensional general circu-
lation model (GCM) of the atmosphere developed for climate stu-
dies by Hansen et al. [1983). Based on a preliminary investigation
of the attenuation of the seasonal cycles of CO, with height, we
reduced the convective matrices globally to 0.50 of their original
values. As a sensitivity case we repeated each simulation with the
matrices set globally to 0.25 of their original values. Unless noted
otherwise, however, all results shown refer to the standard case of
0.50 reduction.

For the simulation of the concentration distribution of tracers the

‘model is repeatedly cycled through the wind fields of the GWE

year. Simulations of the chemically inert radioactive trace gases
85Ky and 22?Rn, as described by Heimann and Keeling [this
volume], show that the model quite closely reproduces the distribu-
tion of gaseous tracers with life-times greater than a few days.

3. Simulated Sources and Sinks

3.1 Modeling Strategy

The aim of this seasonal tracer modeling study is to simulate the
atmospheric carbon cycle as it existed during the 2-year time
period, 1979-1980, for which Keeling et al. [this volume, a] have
assembled a set of atmospheric CO; data specifically for use in this
study. To this end we adopted the following strategy.

Firstly, we assume that the natural carbon cycle during this
period was, on annual average, at a steady state. Hence we assume
that all natural atmospheric carbon source/sink terms were then
either locally or globally balanced over the course of 1 year.

Superimposed on this assumed steady state are perturbation
fluxes of carbon which have been induced by human activities,
most notably by the release of CO, from fossil fuel combustion.
To assess the magnitudes of these perturbation fluxes we resort to a
global carbon cycle compartment model, which was run over the
whole industrial era [Keeling et al., this volume, a]. The perturba-
tion fluxes predicted by this model for the time period of
1979-1980 are then introduced as time invariant sources and sinks
into the three-dimensional tracer model, except that in the case of
industrial CO, emissions a small seasonal variation is also
included in the specification of the source. Hence the simulated
annually averaged increase of the atmospheric CO, concentration
is specified a priori from the assumed strength of the perturbation
sources and sinks. The distribution of CO; in the atmosphere is
therefore assumed to prevail at a quasi-stationary state.

The total carbon source/sinks at the earth’s surface were divided
into nine source components, and the transport model was run with
each of the components separately. The different components are
listed with their main characteristics in Table 1, copied from Table
4 of Heimann and Keeling [this volume]. Details of the procedures
used to construct these source/sink functions are described in
Heimann and Keeling [this volume].



TABLE 1. CO, Source Components Used in the Three
Dimensional Atmospheric CO, Transport Model

1. Seasonal -- locally balanced

1. Net primary productivity of the terrestrial biosphere

2. Heterotrophic respiration of the terrestrial biosphere

3 Air-sea exchange driven by seasonally varying oce-
anic pCO,

4.%  Temperature dependent isotopic fractionation asso-
ciated with CO, exchange at the ocean surface

2. Time independent -- globally balanced

S Equatorial oceanic pCO; source balanced by equal
and uniform oceanic sinks poleward of approxi-
mately 16° in each hemisphere

6. An oceanic source south of approximately 39°S.,
balanced by a sink in the Atlantic Ocean north of
approximately 23°N.

3. Seasonally ranging or time independent -- net releases or
uptakes

7. Industrial CO, from fossil fuel combustion and
cement production

8. Release of CO, by changes in land use and by
deforestation

9.  Uptake of CO; by the terrestrial biosphere in pro-
portion to annual net primary productivity

10.  Uptake of CO, by the oceans at a uniform rate per
unit area of ice-free ocean surface

11.* Isotopic exchange between the atmosphere and oce-
ans associated with industrial CO; release and the
unbalanced terrestrial biosphere (Carbon-13 Suess
effect)

*Component has no concentration dependency.

Here, we review briefly these source components, with emphasis
on those that vary in time during the course of the year. These are
the exchange fluxes of net primary productivity and of hetero-
trophic respiration due to the terrestrial biosphere, the seasonal
exchanges of CO, between the atmosphere and the surface ocean
waters, and the release of industrial CO, from fossil fuel combus-
tion and cement production. All other source components are
assumed to be steady in time, hence their contributions to the com-
bined seasonal model signal are small at most places, as they result
primarily from seasonally changing features of the atmospheric cir-
culation.

In order to compare the overall strength of seasonal sources, we
define the seasonal net carbon transfer (SNCT) produced by a
source flux F(x,t) (expressed in kgC m™2 yr'!) as a function of
time, ¢, in an area A as follows

SNCT (4)=0.5[ |L(F(x,r) —F(x))dA |dt 3.0

where F(x) denotes the flux averaged over the base interval Ar =1
yr at location X (= x,y,z, the three Cartesian space coordinates).
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The SNCT is not additive, i.e., in general
SNCT(AUB) <SNCT(A) + SNCT(B) (3.2)

the equality being true only if the source flux F(x,t) exhibits the
same time dependence in region B as in region A. Since the car-
bon exchange fluxes in our model display opposite phases in the
two hemispheres, we quote values of the SNCT for each hemi-
sphere, and also for the tropical and temperate latitudes, separated
at approximately 23°N. and 23°S., respectively.

For the terrestrial biosphere, in the case of a unimodal time vari-
ation of the flux F(x,t), the SNCT is equivalent to the "growing
season net flux" (GSNF) defined by Fung et al. [1983] or to the
"net ecosystem production per growing season” of Pearman and
Hyson [1983], representing the net amount of carbon transferred to
the terrestrial biosphere during the growing season.

Our proposed definition of the SNCT extends, however, to other
time dependent source fluxes as well. In view of inequality (3.2)
care must be exercised in comparing our estimates of SNCT with
other estimates.

3.2 Exchanges of CO, with the Terrestrial Biosphere

As described in detail by Heimann and Keeling [this volume],
the seasonal exchange flux of CO, between the atmosphere and the
terrestrial biosphere is modeled as the sum of two components.
One of these represents net primary productivity due to photosyn-
thesis; the other represents the flux of CO; resulting from decom-
position of organic material, mainly by heterotrophic respiration.

Net primary productivity (NPP) is estimated by means of a
model for remote sensing of plant growth by Kumar and Monteith
[1981]. This model allows the calculation of CO, uptake by a
plant canopy from remotely sensed data of the reflectivity of the
canopy-soil system in two spectral windows, and from the pho-
tosynthetically active solar radiation (direct and diffuse) impinging
on the canopy.

Data of two channels of the Advanced Very High Resolution
Radiometer (AVHRR) from the time period of November 1983
through October 1984 were used to derive monthly averaged
reflectivities of the soil-canopy system. Insolation was calculated
from astronomical formulas in conjunction with an empirical rela-
tionship describing the attenuation of solar radiation by cloud
cover,

Heterotrophic respiration is represented in the model by two
parts, one assumed to be constant in time, the other assumed to be
controlled by ground temperature. For the latter we assumed an
exponential relationship with an increase in the flux of 50 percent
for a surface air temperature increase of 10°C. The temperature
data, derived from the Global Weather Experiment, were for the
period November 1978 through October 1979. The sum of the two
parts of the respiration function, integrated over 1 year, was set to
be equal in magnitude to the annual NPP at each location; hence
we assumed the biosphere to be locally balanced over each annual
cycle.

The magnitude of the temperature-dependent part of the respira-
tory flux relative to the constant part was left as an adjustable glo-
bal parameter that was determined by a weighted fit of the results
of the model simulated CO, concentrations to the observed sea-
sonal variation in concentration at four northern hemisphere sta-
tions: Point Barrow, Alaska, (PTB) at 71°N., 157°W.; Ocean Sta-
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TABLE 2. Harmonic Coefficients of the Observed Seasonal Variation (in ppm)
at the Four Calibrating Stations in the Northern Hemisphere for 1980

Harmonic Point Barrow(PTB) Ocean Station P (STP) La Jolla(LJO) Cape Kumukahi(KUM)
(71°N.,157°W.) (50°N.,144°W.) (33°N.,117°W.) (20°N.,155°W.)
1 244207  6.16903 1.14166  4.86968 0.89265  3.90509 -0.26411 3,50410
0.11322  0.20942 0.07603  0.16936 0.08146  0.16957 0.06908 0.06600
2 1.19095 -2.68750 0.52065 -2.54184 047178 -1.61584 0.66978 —1.11080
0.09051 0.12239 0.06736  0.10494 0.07436  0.09962 0.06622 0.06909
3 -0.76321 0.74696 —0.57754  0.33618 —0.19089  0.43714 -0.16672 0.17411
0.08604  0.08900 0.06954  0.06689 0.07034  0.07221 0.06753 0.06785
4 0.25300 -0.26476 0.05275 0.13811 -0.02961  0.20866 -0.07504 -0.01989
0.08354  0.08476 0.06672  0.06636 0.06815  0.07035 0.06729 0.06747
Note

Numbers in the first row of each harmonic denote coefficients of cosine and sine term, respectively; numbers in the
second row denote estimate of the standard deviation of coefficient above, also expressed in ppm.

tion P, (STP) at 50°N., 144°W.; La Jolla, California, (LJO) at
33°N., 117°W.; and Cape Kumukahi, Hawaii, (KUM) at 20°N.,
155°W. These observational data are listed in Table 2 in ppm
(parts per million of dry air by volume). As a result we obtained a
relative magnitude 0.69, with a standard error of 0.07, for the tem-
perature dependent part of the respiratory flux. This result depends
on the assumed strength of the subgridscale vertical convective
parameterization, which for the standard case was set to 0.50 of the
original values [Heimann and Keeling, this volume]. As a sensi-
tivity case we also ran the model where we set the convective
parameterization to 0.25 of its original values. In this case a rela-
tive magnitude of 0.77, with a standard error of 0.07, for the
temperature-dependent part of the respiratory flux yields an
optimal fit to the observations at the four northern hemisphere sta-
tions. Details of the fitting procedure are presented in Appendix D
of Heimann and Keeling [this volume]. The fitting factors were
rounded to exactly 0.69 and 0.77 to produce the composite CO,
fields used in our subsequent analysis.

Since the temperature data used to establish the temperature
dependent part of the respiratory flux are approximately for the
calendar year 1979, and the atmospheric CO; data used in the
fitting procedure are for the average of 1979 and 1980, the estima-
tion of respiration would properly apply to an annual period near
January 1, 1980, were it not that the annual integral of respiration
for each location is determined from NPP, derived from remote-
sensing data for approximately the year 1984. Thus our represen-
tation of respiration does not represent either the actual conditions
for a single year or the average over several years. Because the
seasonal cycle of atmospheric CO,, apart from changes in peak-
to-peak amplitude, varies only slightly from year to year, this use
of data for different recent time periods probably does not intro-
duce serious errors into our analysis. It is, however, a future goal
to obtain contemporary data for all parameters.

In addition to the seasonally balanced fluxes of NPP and respira-
tion, two additional fluxes to and from the terrestrial biosphere
have been simulated in the model: a global net input flux of
1.7910 x 10'? kgC yr', which we call "biospheric destruction,"
resulting from anthropogenic changes in land use and deforesta-
tion, and a net uptake flux of 2.1037 x 10'2 kgC yr™!, which we
call "biospheric fertilization," owing to CO, stimulated growth of
the biosphere. Biospheric destruction was estimated in magnitude

and regional distribution by Houghton et al. [1987] for the year
1980, while biospheric fertilization was estimated from the global
carbon cycle model, also for 1980 [Keeling et al., this volume, a].
Both fluxes are assumed to be constant in time in the simulations.
Because of their small magnitude compared to the seasonal bios-
pheric fluxes, they do not induce any significant seasonal CO, con-
centration patterns.

As an example of the seasonal cycle of NPP as derived by our
modeling procedures we compare in Figure 1 the inferred seasonal
NPP over the British Isles and Europe at 50°N., near 0°E. (Eng-
land) and 20°E. (Poland). (All fluxes here and in the next several
figures are expressed in gC month™ m2 of land area). There is a
clear difference between the two sites, the latter having a more
continental character as displayed by a shorter vegetation period
which is delayed by almost a whole month with respect to the
former.

As a further illustration we display in Figure 2 the resulting
monthly biospheric fluxes along a north-south section at 30°E. over
eastern Europe and Africa. Each of the panels shows fluxes
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Net Primary Productivity (C m-2 month-1)
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Fig. 1. Monthly averaged net primary productivity approximately
over England (model grid box centered at 50°N., 0°E.) and Poland
(box centered at 50°N., 20°E.) in gC month™ m™ of land area,

based on remote sensing data from November 1983 through
October 1984.
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Fig. 2. Net primary productivity, heterotrophic respiration, and net biospheric exchange flux along a north-south
section at 30°E. in the same units, and for the same time period, as Figure 1. Each curve represents the flux over
land for a grid square of 10° longitude and 7.83° latitude. The first 6 months of each cycle are displayed twice to

reveal its annual variation more clearly.

representative of a model grid square of 10.00° longitude and 7.83°
latitude. It is seen that substantial seasonal variations exist in the
photosynthetic fluxes of the tropical regions of Africa. There is a
marked phase change in crossing the equator, as expected from the
annual cycle of insolation, rainy season and its associated vegeta-
tion period [Tucker et al., 1985]. Near the equator the nearly con-
stant temperatures throughout the year induce no substantial varia-
tions into the annual cycle of respiration. North of the desert belt
the seasonality of NPP becomes more pronounced. Plant produc-
tivity ceasing entirely in the winter months. The respiratory fluxes
show distinct seasonal variations, which, however, are smaller than
the photosynthetic variations.

Figure 3 summarizes the zonally averaged fluxes of NPP, of
respiration, and of the net biospheric exchange as a function of lati-
tude and time of the year as predicted by the model. NPP (see
Panel (a)) exhibits a marked seasonal signal in the high latitudes of
the northern hemisphere, peaking at around 50°N. early in July.
Further to the south the growing season becomes longer in dura-
tion, albeit smaller in intensity on zonal average. In the tropical
belt maximum NPP follows the annual march of the sun, shown by
a solid line, with a delay of 1 to 2 months. This induces substantial
seasonal variations in NPP around 10°N. and 10°S., respectively.
In the southern hemisphere NPP contrasts quite remarkably with
the northern hemisphere. In the zonal average the subtropical

desert belt does not show up, and there is no intensity maximum in
the mid-latitudes.

Heterotrophic respiration (see Panel (b)) displays a much weaker
seasonality than NPP in the zonal average. The flux in the tropical
regions remains almost constant throughout the year.

The zonally averaged net flux of CO; (see Panel (c)), defined as
positive from the terrestrial biosphere to the atmosphere, exhibits a
strong seasonality in the northern hemisphere temperate latitudes,
with a marked contrast between the short and intense uptake sea-
son and the rest of the year, when the respiratory flux dominates.

This net flux includes contributions from biospheric destruction
and fertilization, but they are too small to be readily discernible.
Around 50°N. the flux exhibits two local maxima, one in October
and one in March, reflecting the influence of temperature on
respiration. Substantial seasonal variations occur also in the tropi-
cal region, with maximum flux at around 10°N. and 15°S. The net
flux south of the equator displays an opposite phase and a quite dif-
ferent time variation compared to the northern hemisphere.

The seasonal net carbon transfer (SNCT) of the terrestrial bio-
sphere source function, according to the model, is 7.14 x 10'2 keC
in the northemn hemisphere and 1.95 x 10'? kgC in the southern
hemisphere (see Table 3). If there were no air mass exchange
across the equator, these seasonal biospheric fluxes would result in
a hemispherically averaged peak-to-peak concentration variation of
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TABLE 3. Seasonal Net Carbon Transfer (SNCT)

(in 10" kgC)
Terrestrial Industrial

Zone Biosphere Ocean O, Total
23°N.-90°N. 6.46 0.47 0.18 7.11
0°-23°N. 0.98 0.18 0.00 1.16
23°8.-0° 1.37 0.32 0.00 1.69
90°S.-23°S. 0.74 0.51 0.06 1.31
Northern hemisphere ~ 7.14 0.64 0.18 7.96
Southern hemisphere ~ 1.95 0.83 0.06 2.84

6.80 parts per million by volume of dry air (ppm) in the northern
and 1.86 ppm in the southern hemisphere, respectively.

The magnitude of the SNCT due to the terrestrial biosphere com-
puted here is, of course, directly related to the chosen relative mag-
nitude of the temperature dependent fraction of the respiratory flux.
The change is, however, small: if we replaced the value of 0.69,
corresponding to the convective parameterization of 50 percent
with a value of 0.77, corresponding to a reduction in convective
parameterization to 25 percent, we obtain for the SNCT
6.84 % 10 12 kgC in the northern and 1.92 x 10 '2 kgC in the south-
ern hemisphere. Since we prescribe biospheric destruction and fer-
tilization as nonseasonal, these two sources do not contribute to the
computations of the biospheric SNCT.

The present approach in establishing the seasonal exchange
fluxes of CO, between the atmosphere and the terrestrial biosphere
in many ways is similar to the one adopted by Fung et al. [1987].
These authors employed a more refined prescription of hetero-
trophic respiration as a function of surface air temperature for each
of four classes of biomes, based on an extensive survey of field stu-
dies. Furthermore, they computed the time variation of NPP from
essentially the same primary satellite data as used in the present
study. The annual integral of NPP, however, was scaled at every
grid location to match a global distribution derived from the global
vegetation map of Matthews [1983], supplemented by biome
specific NPP values. Also, any explicit influence of solar radiation
on NPP was ignored. The specific procedural differences between
the approach of Fung et al. [1987] and the present study are out-
lined in Heimann and Keeling [this volume].

Although Heimann and Keeling [this volume] have shown that
the present method of estimating NPP results in annual integrals
which are comparable to those established by Fung et al. [1987],
there nevertheless exist differences in the seasonal patterns of bios-
pheric CO, uptake and release between the two studies. These
arise because of the higher spatial resolution employed by Fung et
al. [1987], but also from the different functional forms of how the
satellite data have been incorporated. If we calculate the GSNF by
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evaluating the biospheric SNCT according to equation (3.1) with
respect to the terrestrial biospheric fluxes for every grid box and
then sum over the entire globe, we obtain 11.2 GtC (8.6 GtC in the
northern and 2.6 GtC in the southern hemisphere) compared to 9.3
GIC as quoted by Fung et al. [1987]. Tans et al. [1989, p. 5163], in
comparison, estimated 6.2 to 7.5 GtC in the northem hemisphere
north of 18°N. using a two-dimensional model while Pearman and
Hyson [1986, p. 101], also with a two-dimensional model,
estimated 6.0 GtC in the northern hemisphere and 1.6 GtC in the
southern hemisphere. Thus our estimates are somewhat higher
than estimates by these other investigators.

An alternative approach to simulating seasonal changes in
atmospheric CO, has been described by Gillette and Box [1986].
These authors derived the seasonal biospheric CO, exchange
fluxes by means of a comprehensive biospheric process model,
driven by climatic variables. The resulting seasonal variation of
NPP and of the net biospheric fluxes is quite different than the pat-
tern established in the present study, as may be appreciated by
comparing our Figure 3, Panels (a) and (c), with Figure 3, curves
(b) and (a), respectively, of Gillette and Box [1986]. (Note the dif-
ferent units and an error in their labeling of figures.) Based on the
net carbon flux data for each 10° latitude band published by these
authors, we calculate a SNCT of 4.8 GtC for the latitudes north of
20°N., 3.9 GtC between 0° and 20° N., 4.2 GtC between 0° and
20°S. and 0.9 GtC south of 20°S. Compared to the present study
(see Table 3) the largest differences are present in the tropics of the
northern hemisphere where Gillette and Box [1986] deduced a sub-
stantial seasonal flux approaching almost 80 percent of the SNCT
in the extratropical regions. The reasons for these differences are
not clear; it is possible that the satellite data which we have used
may be contaminated by persistent cloud cover in the tropics [Fung
et al., 1987], but also that the process model of Gillette and Box
[1986] includes other factors which have been neglected in the
present approach, such as the influence of moisture on soil respira-
tion. It may be, therefore, that the presently deduced seasonal CO,
fluxes in this zone represent only a zeroth order approximation to
reality. Nevertheless, our simulation using these fluxes results in
rather satisfactory predicted seasonal cycles at the (albeit few)
tropical monitoring stations. A detailed comparison of the sea-
sonal CO, fluxes deduced in the present study with the results of
the biospheric model of Gillette and Box [1986] would be
worthwhile but has not yet been undertaken.

Finally, we remark that the presently established annual cycle of
the net biospheric CO, fluxes, on zonal average, varies in the
northern hemisphere in a pattern resembling rather closely the sim-
ple source functions constructed by Azevedo [1982], which were
subsequently used by Fung et al. [1983] in their original atmos-
pheric CO, modeling study. This is readily apparent by compar-
ing, for example, the time variation in Figure 3, Panel (c) at 50°N.

Fig. 3. Zonally averaged fluxes of the unperturbed terrestrial biosphere as a function of latitude and time and in

the same flux units as Figure 1.

Panel (a). Net primary productivity for the same time period as Figure 1. The

contour interval is 10 gC month™! m~2 of land area. The solid line marks the latitude at which the midday sun

reaches an elevation of 90°.
The contour interval is the same as in panel (a).

Panel (b). Heterotrophic respiration approximately for the year 1980 (see text).
Panel (c). Net biospheric exchange flux, including biospheric

fertilization and destruction as well as net primary productivity and respiration, for the same time period as Figure
1. The contour interval is 5 gC month™! m~2 of land area. Negative fluxes, i.e., fluxes into the biosphere, are
indicated by dashed contour lines in all three panels. Also, the first 6 months are displayed twice to reveal the

annual cycle more clearly.
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and 30°N. with Azevedo’s high and low latitude curves, respec-
tively. The major difference, however, is found in the tropical lati-
tudes, where Azevedo assumed no time variation in the net flux in
contrast to the present study.

3.3 Exchanges of CO, with the Surface Ocean

The exchange flux of CO, gas between the air and the sea,
described by Heimann and Keeling [this volume], is modeled in
the present study with a bulk formula, ie., by an exchange
coefficient multiplied by the difference in partial pressure of CO,
(ApCO,) in the surface layer of the sea (pCO» seq) and the overly-
ing air (pC01,;,). The exchange coefficient is assumed to be con-
stant in time and space; its value was chosen to correspond to an
atmospheric residence time of CO, with respect to the ocean of
7.87 years, equivalent to a gas exchange rate of 19.1 mol m? yr!
at an atmospheric CO, mixing ratio of 290 ppm, consistent with
Keeling et al. [this volume, a].

The seasonal variation of pCO;,,, Was calculated as a thermo-
dynamic function of the monthly mean climatological sea-surface
temperature fields. This results in a maximal air-sea CO; flux in
early autumn, when sea surface temperatures are highest. In high
latitudes the seasonal activity of the marine biosphere and the sea-
sonally changing depth of the mixed layer opposes the temperature
driven effect on pCO 44, Consequently, we reduced the tempera-
ture driven pCO 4, variation linearly to zero in the latitude zone
between approximately 35° to 51° in each hemisphere and
suppressed any seasonality entirely poleward of 51°. Also, the
temperature driven variation in the coastal upwelling areas off the
western coasts of Africa and South America was reduced to the
variation calculated in the subtropical gyres 20° longitude further
offshore.

. Sea Surface pCO,
30N T

In addition to the seasonally varying exchange flux, as described
above, a mean annual disequilibrium between air and sea is
imposed in the model. This disequilibrium is assumed to transfer
globally 2.2237 x 10’2 kgC yr~' from the atmosphere into the
ocean, as inferred from the global carbon cycle compartment
model for the average of 1979—1980. Furthermore, a globally bal-
anced pattern of large distinct source and sink regions was assumed
in which the magnitudes of these sources and sinks were subject to
two adjustable global parameters. We have determined the magni-
tudes of these parameters for 1980 by a fit, as described by
Heimann and Keeling [this volume], to data of the mean annual
atmospheric CO, concentration at a series of stations along a meri-
dional section in the central Pacific Ocean [see Tables 1 and 2 of
Keeling et al., this volume, b]. The influence of this oceanic
source/sink pattern upon the seasonal cycle of atmospheric CO is
small, except in the tropical regions where the seasonally changing
circulation induces time varying fluctuations, as described below in
section 5.

Figure 4 displays a map of the peak-to-peak changes of the sea-
sonal variation in the assumed oceanic pCO ;... Figure 5 sum-
marizes the zonally averaged sea-air difference, ApCO, as a func-
tion of latitude and time of the year. The equatorial belt between
approximately 10°S. and 10°N. exhibits excess pCO34, values
relative to the atmosphere throughout the year with little seasonal
dependence. In the temperate latitudes during most of the year
pPCO 340, is smaller than in the overlying air, thus representing sink
regions on annual average.

The SNCT with the ocean results in 0.64 x 10'? kgC in the
northern and to 0.83 x 10'2 kgC in the southern hemisphere. A
comparison with the corresponding SNCT associated with the ter-
restrial biosphere reveals that the seasonality of the ocean plays a
minor role in the northern hemisphere whereas in the southern
hemisphere it is of comparable importance (see Table 3).
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Fig. 4. Annual range, peak-to-peak, of the assumed variation in CO; partial pressure, pCO 25, in ppm, in the

surface layer of the ocean.
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Fig. 5. Zonally averaged CO, partial pressure difference, ApCO 5, in ppm, between the ocean and the atmosphere

displayed as a function of latitude and time.

34 The Industrial CO, Source

According to Rotty [1987], the release of industrial CO, from
fossil fuel combustion and cement production varies seasonally to
a minor extent. Rotty’s estimate of CO, emissions for the year
1980 was used to implement the model source term [Heimann and
Keeling, this volume]. The SNCT of fossil fuel is found to be only
0.06 X 10'2 kgC in the southen and 0.18 x10'? kgC in the
northern hemisphere. Compared to the other two source com-
ponents discussed above in subsections 3.2 and 3.3, the industrial
CO, seasonal source variation is evidently negligible. The main
influence of industrial CO, on the seasonal cycle is due to season-
ally changing transport patterns as described below in section 5.

3.5 The Composite CO, Source

The zonally averaged sum of all CO, flux components is
displayed in Figure 6 as a function of latitude and time. It is quali-
tatively similar to Figure 3, except in the southern hemisphere
which is not dominated by the terrestrial biosphere. Note also that
Figure 6 displays fluxes per unit area, whereas Figure 3 displays
fluxes per unit of land area.

The annually averaged sum of all CO; fluxes on the resolution
of the model grid is shown in Figure 7. The global picture is dom-
inated by the large localized fossil fuel CO, release regions in the
more industrialized countries in the northern hemisphere: United
States of America, western and eastern Europe, China, and Japan.
In addition southeastern Asia constitutes a modest source region
owing to deforestation and changes in land use. The oceanic
source-sink distribution is dominated by the outgassing region in
the equatorial tropics and the large scale sink regions in temperate
latitudes and foremost in the North Atlantic.

Dashed contour lines indicate negative flux, i.e. into the ocean.

4. Observational Data

Atmospheric CO, data from several sources are compared in the
present paper to the model simulation results. All station data have
been decomposed into a seasonal cycle and a trend function, the
latter consisting of an exponential and a spline function.

Data obtained by the Scripps Institution of Oceanography (SI0)
have been described by Keeling et al. [this volume, a]. In addition
we obtained atmospheric CO; data based on flask samples from
the station network operated by the National Oceanographic and
Atmospheric Administration (NOAA) This data set, which we
obtained from The Carbon Dioxide Information Center at Oak
Ridge, Tennessee, is described in detail by Komhyr et al. [1985].
We processed the NOAA flask data through the same analyzing
scheme as the SIO data, in order to separate the seasonal cycle
from the slowly varying trend.

Additionally, the Upper Atmosphere Research Laboratory in
Sendai, Japan, provided us with data on the seasonal cycle meas-
ured by aircraft at five height levels in the troposphere over Japan
[Tanaka et al., 1987a], and at the Antarctic research station, Syowa
[Tanaka et al., 1987b]. These data consisted of two harmonics for
each location.

5. Model Results
5.1 Time Decomposition Strategy

The model was run with each of the different source components
for 4 model years. Each run was started from an initial uniform
zero concentration field. The daily concentrations C;(x,?) of the
4th model year for each source component i, expressed relative to
the mean annual model surface concent