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Abstract 

Numerical models are developed to help interpret observations, provide a global representation of complcx 
interactive processes occurring in Ule earth system, and prcdicl future environmcnt.lI and climate changes. We 
describe several models used to study global cycles of chemical species. A two-dimensional model is used to 
assess potential changes in stratospheric ozone and temperature. A three-dimensional model is used to quantify 
changes in the chemical composition of the troposphere as a result of human activities. These model studies 
stress the importance of heterogeneous chemical processes (polar stratospheric clouds, sulfate aerosols) · in relation 
to ozone depletion by chlorofluorocarbons in the lower stratosphere. The relative stability in the oxidizing 
capacity of the atmosphere since the pre-industrial era is also emphasized. These models should be regarded a~ 
components of fulure earth system models in which global biogeochemical cycles will be simulated. Initial 
efforts to reproduce the carbon cycle are reported. Future perspectives for chemical-transport modelillgare also 
presented. 

1. Introduction 

As a result of the agricultural apd industrial revolutions, the abundance of several 
chemical constituents in the atmosphere has been changing rapidly during the 20th century. 
Some of these gases are radiatively active and, consequently, have reinforced the "greenhouse 
effect" of the atmosphere. In the ca.~ of CCh, for example, the current trend of O.4%/yr is a 
result of fossil fuel burning and, to a lesser extent. of deforestation and changes in land use 
management. This trend is de'termined not only by the strength of the anthropogenic emissions, 
but also by the rates of carbon exchanges between the atmosphere and the ocean, and the 
atmosphere and the continental biosphere. Large uncertainties in the global carbon cycle need to 
be elucidated to better quantify the fate of anthropogenic CCh (especially under future climate 
conditions) and the study reported in Section 4 is a partial approach to better understand the. 
exchanges of carbon on the seasonal scale between the atmosphere and terrestrial ecosystems. 

The contribution of carbon dioxide in the greenhouse wanning over the last 150 years 
represents only 50% of the total forcing. Methane (CH4), nitrous oxide (N20), . and the 
chlorofluorocarbons (CFC's). whose concentration is currently increasing by 0.6-1 %/yr. 0.2-
0.3%/yr, and 4-IO%/yr, respectively, have also contributed to the warming of the planet. In 
addition. these gases. which are chemically active, have produced or destroyed other chemical 
compounds which also interact with solar or terrestrial radiation. For example, the increasing 
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concentrations of methane and nitrogen oxides have enhanced the chemical production of ozone 
in the troposphere. Ozone, itself a greenhouse gas, has amplified the radiative forcing provided 
by methane. In addition, the ronnation of water vapor in the stratosphere, resulting from the 
oxidation of methane, might have further exacerbated the primary effect of methane. On the 
other hand, the reduction in the ozone abundance in the lower stratosphere, due to the emission 
in the atmosphere of industrially manufactured chlorofluorocarbons, has probably caused a 
cooling of the earth's surface. Analyses of satellite data (Figure 1) suggest that,· during the 
1980's, the column abundance of ozone has decreased by more than 25% over Antarctica in 
September and October and by as much as 10% at mid-latitudes in the northern hemisphere (e.g., 
Belgium) from January to April. The ozone depletion has been limited to less than 2% in the 
tropics. . 
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Figure 1. Relative variation (percent) in the ozone column abundance between 1980 and 1990, as a function of 
latitude and season, deduced from TOMS data. 

Prelimimtry calculations perfonned with our two-dimensional (2-D) chemical-radiative­
dynamical model shows (Figure 2) the change in the radiative forcing as a function of latitude 
since the pre-industrial era (Hauglustaine et aI., 1993). The results stress the potentially 
important role of chemical feedbacks on climate and suggest that the radiative forcing is enhanced 
by 30% when these feedbacks are taken into account. On a global basjs, the greenhouse effect of 
tropospheric ozone represents almost 20% of the total radiative perturbation since pre-industrial 
times. Note that the effect of sulfur compounds has not been included in Figure 2. 
Anthropogenic sulfur has contributed to the fonnation of aerosols, which scatter back to space a 
fraction of the incoming solar energy. This "cooling" effect has probably been localized in 
industrialized regions (Europe, North America, Southeast Asia). . 

Numerical models are now commonly used to simulate the spatial and temporal 
distribution of chemical compounds in the atmosphere and to establish the budgets associated 
with the global biogeochemical cycles of these compounds. Such models should, in principle, 
be able to reproduce exchanges of chemical elements between the atmosphere, the ocean and the 
continental biosphere. and therefore should be similar to the six box model of the global earth 
system shown in Figure 3. . 
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Figure 2. Latitudinal dependence of the calculated radiative forcing due to (a) CFC increase since pre-industrial 
times (W m-2) and (b) greenhouse gas increase since pre-industrial period (W m-2) (from Hauglustaine et al., 
1993). 
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Figure 3. Six box model: coupled climate model. 
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Although such complex models will be developed in the next decade, and will involve the 
collaboration of atmospheric chemists, meteorologists, oceanographers, biologists and 
ecosystem modelers, at this time, a gradual approach needs to be taken. We have therefore 
developed a hierarchy of models which will be presented in the next sections: (1) A two-
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dimensional model which is used to study coupled chemical, radiative and dynamical processes, 
mostly in the stratosphere; (2) a three-dimensional chemical-transport model (named IMAGES), 
which is used to simulate the distribution of chemical compounds in the troposphere. With the 
first of these models, potential changes in stratospheric ozone and temperature as a result of 
human activities will be established and compared to natural variations (e.g., due to solar 
activity). With the second model, factors affecting the oxidizing capacity of the atmosphere, and 
hence the global lifetime of several radiatively active gases, will be determined. 

2. The Two-Dimensional Model 

The model used to estimate future trends in the ozone abundance is an updated version of 
the two dimensional model described earlier by Brasseur et a1. (1990). It extends from the 
surface to the mesopause (85 lcm), with a vertical resolution of 1 km, and from 85°S to 85°N 
with a latitudinal resolution of 5 degrees. It calculates the 24-hour average of the concentration 
of 56 species. The concentration of the long-lived species (C02, CO, N20, HN03, N205, H, 
H2, H20 2, H20, CH4, HCN, CH3CN, CCI4, CFCI3, CF2CI2, CH3CCI3, CH3C1, CFC-113, 
CFC-114, CFC-114, CFC-115. CFC-22, Halon 12-11. Halon 13-01, CC120, CCIFO, CF20, 
HF, CH3Br, OCS, S02, HS03. H2S04) are calculated by solving for each of them a full 
continuity-transport equation. The short-lived species are grouped into long-lived families (Ox = 
03 + 0(1 D) + 0(3p). NOy = N + NO + N02 + N03 + HN04 + CION02 + HN03 + 2 N205. 
Clx = CI + CIO + HOCI + HCl + CION02 + OCIO + 2 C120 2• Brx = Br + BrO + BrON02 + 
HBr + HOBr), for which a full continuity-transport equation is solved. The chemical scheme 
includes 115 reactions with reaction rates taken from the JPL (1990) compilation (DeMore et a1.. 
1990). Parameterizations of the heterogeneous reactions on particles in polar stratospheric clouds 
and on sulfate aerosols are included (Granier and Brasseur. 1992). Photolysis and solar heating 
rates are derived through a spectral integration over up to 171 wavelength intervals. Multiple 
scattering is taken into account (Luther, personal communication. 1978). The treatment of the 
infrared (terrestrial) radiation is based on the distributions, calculated by the model, of seven 
species: CO2• H20. 03. CH4, N20, CFCI3• CF2CI2 (Briegleb, 1990). The meridional transport 
of constituents and energy is expressed using the transformed Eulerian mean circulation 
(Andrews and McIntyre, 1976) driven by momentum deposition associated by gravity wave 
breaking (Lindzen, 1981) and Rossby wave absorption (parameterization by Hitchman and 
Brasseur, 1988). 

2.1. Model Assessment 

Before performing model predictions of future ozone changes, it is appropriate to validate 
the parameterizations of the heterogeneous chemical processes by simulating the present 
distribution and past evolution of the ozone. 

2.1.1. Ozone Trends 

As a result of continuous release in the atmosphere of chlorofluorocarbons (CFCs), and 
because of the long lifetime (50-10<) years) of some of these compounds (e.g .• CFC-ll or 
CFCI3; CFC12 or CF2CI2), the chlorine load (e.g., HCI) of the atmosphere has increased by 
approximately 4-5% per year (Mankin and Coffey, 1983; Wallace and Livingston, 1991; and 
Rinsland at aI., 1991) over the last decade. Ozone is affected by chlorine through the catalytic 
cycle: . 

CI + 03 ~ CIO + 02 

CIO+0~Cl+02 

OJ+0~202 

The model used earlier shows that, when using historical emissions of CFC's and 
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observed increase in the surface concentrations of carbon dioxide, methane, nitrous oxide as well 
as other halocarbons, the changes in the ozone column abundance calculated for the 1980-1990 
period are small and even slightly positive except at high latitudes in winter. A significant ozone 
decrease is found in the upper stratosphere and the negative high latitude changes in the ozone 
column result from downward transport of ozone depleted air masses by the meridional 
circulation in winter. 

The trends in the ozone column derived by the model are significantly different from the 
observed values derived for the 1980-1990 period by Stolarski et al. (1991) and based on TOMS 
data. 

Specifically, the model with only gas-phase chemistry does not reproduce the formation 
of an "ozone hole" over Antarctica in September and October nOr does it explain the substantial 
ozone decrease observed at midlatitudes in the northern hemisphere during the winter season. It 
is now widely accepted, based on laboratory studies and observational evidence, that the sharp 
decrease in Antarctic ozone is associated with the elevated concentration of inorganic chlorine 
inside the cold polar vortex where polar stratospheric clouds are observed (WMO. 1989). These 
clouds are composed of particles which provide surface area needed for heterogeneous reactions. 
These reactions convert the oxides of nitrogen (e.g. N20S) into nitric acid (HN03) and chlorine 
reservoirs (e.g., HCI. CION02) into more reactive forms of chlorine (CI2' HOCI, CIN02). As 
the Sun returns over Antarctic region. these latter chlorine molecules are photodissocialed and, 
during daytime, the mixing ratio of CIO inside the polar vortex reaches values 50 or 100 times 
higher than at mid-latitudes. At the same time. especially in the coldest regions where the 
relatively large ice particles undergo sedimentation. the air masses are progressively denitrified, 
so that the recombination between CIO and N02 is inefficient. Hence active chlorine remains 
present in large quantities and ozone destruction by catalytic cycles can occur in few weeks. 
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Figure 4. Relative variation (percent) in the ozone column abundance between 1980 and 1990, shown as a 
function of latitude and season. Heterogeneous chemistry in polar stratospheric clouds and on the surface of sulfate 
aerosol particles is included in the model calculation. 
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When these processes are introduced in the model, a substantial ozone decrease is 
predicted for the 1980-1990 period, especi~ly at high latitudes in the southern hemisphere. The 
model produces the springtime ozone hole, as the ozone column abundance at 99°S in October is 
40% smaller in 1990 than in 1980. Significant but less pronounced ozone reductions are 
predicted at midlatitudes during all seasons in the southern hemisphere, consistent with the 
analyzed TOMS data. It can be noticed that no substantial ozone trend is predicted by the model 
over the Arctic due to a higher temperature and planetary waves activity. 

Despite the fact that the chemical effects of polar stratospheric clouds has been introduced 
in the model, the calculated trend in the ozone column abundance, especially in the northern 
hemisphere, remains smaller than that derived from satellite monitoring. A possible explanation 
for the observed ozone destruction at midlatitudes in winter is the impact on stratospheric 
chemistry of the sulfate aerosol layer. Laboratory investigations (Tolbert et aI., 1988; Worsnop et 
aI., 1988) suggest that heterogeneous reactions similar to those occurring in polar stratospheric 
clouds could operate on the surface of aerosol particles at all latitudes. Figure 4 shows the 
calculated ozone trend for the 198~1990 period when the additional chemical effect of sulfate 
aerosol is taken into account. The trend is closer to the observed values (Figure 1), although 
quantitative differences still exist More detailed model calculations and laboratory measurements 
are clearly needed to better quantify the role of the aerosol layer in past and potential future ozone 
trends. 

The simple but realistic parameterization of the heterogeneous chemistry in our tWo­
dimensional model allows us to reproduce the main features of the past year's observations 
concerning the ozone distributions with some differences associated with the two-dimensional 
character of the model formulation. 

2.2. Perturbations Studies 

Models are used to predict future changes in the chemical composition of the atmosphere 
and are frequently adopted as the basis for regulatory measures limiting the production of 
environmentally harmful chemical compounds. We have used our two-dimensional model to 
assess future changes in the global ozone abundances due to natural and anthropogenic 
perturbations. 

2.2.1. The Solar Cycle Effects 

Because the chemical composition of the atmosphere is directly affected by photochemical 
processes, the effect of solar variability on the abundance of chemical compounds needs to be 
understood as a prerequisite to assessments of potential anthropogenic perturbations. The solar 
variability increases with decreasing wavelength and reaches 60-70% at Lyman-a. (121.6nm) on 
different timescales. The most pronounced variability is associated with the II-year solar cycle. 
An observed short-term variation in the solar flux results from the uneven distribution of active 
regions on the Sun which rotates with an apparent period of 27 days. Figure 5 shows the 
response in the ozone column abundance calculated for a solar variability of 11 years. The 
change in the ozone column from solar minimum to solar maximum is close to 1 % near the 
equator and increases with latitude, especially in winter. These theoretical estimates are 
somewhat smaller than the values derived from the analysis of satellite data (Keating et al., 
1992). The values are lower than the short-term variability associated with dynamical 
fluctuations but cannot be neglected compared to the long-term trend in ozone reported for 
example by Stolarski et al. (1991) for the 1980-1990 period. Thus the effect of solar variability 
has to be included in the statistical treatment of ozone data, when trying to isolate anthropogenic. 
changes. 

2.2.2. The Effect of High Speed Aircraft in the Stratosphere 

New plans for the development of a supersonic transport having been produced, and 
previous studies having shown that release of nitrogen oxides by aircraft engines near 20 Jan 
produce an ozone depletion. while emission in the troposphere would lead to an enhancement of 
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ozone, the two-dimensional model, described earlier, has been used to evaluate the ozone 
variation due to a fleet of these aircraft 

The emissions scenarios recommended by NASA (Ko, personal communication, 1990; 
Brasseur, 1992) have been chosen, with an emission of NOx and other compounds between 
16.5 and 20 Ian altitude in the northern midlatitudes. The calculated reduction in the ozone 
column abundance (Figure 6) is of the order of 0.7% over the equator and increases towards the 
north pole. The depletion at high latitudes is largest in summer (4.8% at 90°N), when the 
catalytic destruction of 03 is most efficient, while the refonnation of ozone by 02 photolysis is 
slower than in the tropics. 
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Figure S. Relative variation (percent) in tbe ozone column abundance as a function of latitude and time of the year, 
in response to an increase in solar ultraviolet radiation fron;t solar minimum to solar maximum conditions o I-year 
solar cycle). 
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Figure 6. Relative change (percent) in the ozone column abundance calculated at steady state for an injection in the 
lower stratosphere of nittogen oxides by a fleet of high altitude aircrafL 
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Several major uncertainties in this calculation need to be underlined. First. the residence 
time of the released nitrogen oxides depends on the strength of the stratosphere/troposphere 
exchanges which are poorly parameterized especially in two-dimensional models. Second, in 
these calculations, the potential effect of heterogeneous chemistry has been ignored and could 
reduce significantly the magnitude of the ozone depletion. . 

2.2.3. The Effects of Chlorofluorocarbons 

Halocarbons other than the fully halogenated chlorofluorocarbons have been considered 
as potential candidates to replace the widely used CFC's, because they contain hydrogen atoms 
and are partly destroyed by OH in the troposphere. However, the alternative halocarbons absorb 
infrared radiation, and contribute therefore to the greenhouse effect of the atmosphere. A 
scenario has been constructed ,(Brasseur, 1992) to approximately account for expected reductions 
in the production of halocarbons in relation with the Montreal Protocol (1987) and ' London 
Revision (1990). The evolution of the ozone density between 1960 and 2020 for this scenario is 
shown in Figure 7 as a function of latitude and height for October. A large decrease near 40-50 
kin altitude is visible (about 8% over the equator and more than 30% at high altitudes). In 
October, almost all the ozone is destroyed near the South Pole between 15 and 25 km altitude. 
The ozone increase calculated between 25 and 30 km altitude (and which greatly affects the 
changes in the ozone column) is a consequence of the "self-heating" effect of the atmosphere and 
of the COOling associated with the C02 increase. The positive change in tropospheric ozone 
results from the upward trend in the methane concentrdtion. The change in the temperature for 
the 1960-2020 period is shown in Figure 8. The calculated cooling reaches 13K near the 
stratopause and is of the order of 3 Kat 30 km. The temperature change appears to be relatively 
uniform with latitude, so that changes in the dynamics of the stratosphere are expected to be 
relatively small. 
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Figure 7. Relative change in the ozone concentration (percent) between 1960 and 2020 represented as a function of 
Ia1ibJde and altitude (or October. 
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Figure 6. Change in the temperature (Kelvin) between 1960 and 2020 represented as a function of latitude and 
altitude calculated for March conditions. 

3. The IMAGES Model 

3.1 Model Description 

IMAGES (Intermediate Model of Global Evolution of Species), a global three­
dimensional chemical-transport model (CfM) of .the troposphere, is used to simulate the behavior 
of chemical compounds in the troposphere. It extends from the earth's surface to approximately 
20 km altitude. Its horizontal resolution is 50 in latitude and in longit~de. This model can be 
regarded as intermediate between models in which the transport is driven by the dynamics 
provided at each time step by a General Circulation Model, and models in which the transport is 
highly parameterized, such as in two-dimensional formulations. The chemical scheme is also 
intermediate between those used in "box models" and in existing 3-D global CTM's. The 
motivation for such approach is to simulate the three-dimensional behavior and seasonal 
evolution ofa relatively large number of trace constituents, and to estimate their global budgets 
without prohibitive computer costs. The model provides the distribution. of 40 sPCCCies including 
ozone (03). hydrogen compounds (OH, H02, H202), nitrogen compounds (NO. N02, 
HN03,"')' CO, several hydrocarbons (CH4, C2H6, C3H6, isoprene, ... ) and oxygenated 
organic species. The chemical mechanism introduced in IMAGES includes more than 120 
reactions, most of them related to nonmethane hydrocarbons chemistry (MUller, 1993). The use 
of a variable time step (between 112 hour and one day) and of a complex diurnal averaging 
method allows the model to calculate the seasonal variation as well as the diurnal cycle of the 
concentrations of the chemical species. . 

The transport of chemical species is driven in the model by monthly mean winds taken to 
an analysis of the observed winds, from the European Center for Middle Range Weather 
Forecast (ECMWF) (Trenberth and Olson, 1988a; b). The effects of dynamical variations on 
time scales smaller than a month are parameterized by eddy diffusivities determined from the 
observed wind variability (Murgatroyd, 1969; MUller, 1993). The rapid vertical mixing in the 
planetary boundary layer is also parameterized as diffusion in the continuity equation. The deep 
convection of trace gases associated with the formation of Cumulonimbus clouds is also 
represented. 
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One of the main purpose of the model is to assess the mechanisms that determine the 
oxidizing capacity of the atmosphere. and in particular. the concentration of the hydroxyl radical 
(OH). OH is the major sink for many atmospheric trace gases (among them methane) that are 
emitted at the Earth's surface, as a consequence of human activities. The model is intended to 
investigate the relationships existing between tropospheric chemistry and climate, for example, 
through the greenhouse potential of chemically controlled species such as ozone and methane . . 

3.2 Surface Emissions 

The surface emissions and deposition velocities of trace gases used in the model rely on 
the detailed inventory by MUller (1992). This study assessed the geographical distribution and 
the seasonal evolution of the emissions associated with technological activities (mainly fossil fuel 
burning and industry). biomass burning (forest and savanna fires. and also the burning of 
fuelwood and agricultural wastes), vegetation foliage. tQe soils, lightning. the oceans, etc. The 
emissions were estimated using various geographical and economical atlases and statistics. The 
distribution of the deposition velocities of the most important trace gases were also determined. 
Deposition velocities are used in models to represent the irreversible absorption of some species 
by the Earth's surface or by vegetation. The global emissions are summarized in Table 1. 

Table 1. Global emissions of trace gases. 

Category (Tg/yr). Biogenic 
NMHC = nonmethane Technological Biomass Sources 
hydrocarbons Sources Burning (<:ontinental) Oceans Total 

CO 383 784 165 165 1497 
N02· 72 15 22 0 109 
CH4 132 58 270 10 470 
NMHC 97 55 498 100 750 

To illustrate the resuIls, the geographical distributions of carbon monoxide emissions are 
displayed in Figure 9. The high emission rate of CO predicted in developed countries are due to 
the importance of technological sources for this species. Biomass burning explains the highest 
CO emission rates found in tropical Africa and South America. 
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Figure 9. Surface emission of carbon monoxide (CO) used in the IMAGES model for the month of June 
(molecJcm2/s). The contours range from 5.1011 to 3.1012 with a step of S. 1011. 
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3.3 Model Results for the Present-day Atmosphere 

The results provided by the model for the present-day atmosphere agree with the available 
observations, as far as the large-scale variations of the concentrations are concerned. Since the 
model uses monthly mean dynamical variables and emissions, however, the· small-scale 
variability of the atmospheric composition is not entirely represented. This does not affect the 
results of the models regarding the climatological distributions and the budgets of the chemical 
species calculated by the model. We will now briefly discuss some important results. 

Due to their short chemical lifetimes, the nitrogen oxides (N0x) are predicted to be mostly 
concentrated in the vicinity of the regions where they are produced. As anthropogenic emissions 
are the primary contribution to their production, the highest concentrations are found in the 
boundary layer of the most polluted areas, i.e., over Europe, North America and the Far East 
(Figure lOa). Due to the role played by nitric oxide (NO) in the photochemistry of tropospheric 
ozone. important rates of photochemical production of ozone will therefore take place in these 
regions. The emissions by the soils and by biomass burning explain the secondary maximum of 
NOx concentration in continental regions of the tropics. The effect of transport is noticed over 
the Atlantic and the Western part of the Pacific. In remote areas such as the Central Pacific, NOx 
concentration is only of a few parts per trillion (ppt), i.e., about three orders of magnitude less 
than in polluted areas. Although carbon monoxide (CO) has a much larger chemical lifetime, itc; 
distribution close to the surface is still largely determined by its surface emissions (see Figure 
lOb). The highest mixing ratios of CO are found in Equatorial Africa, where the surface 
emissions related to biomass burning and the soils add to an important production due to the 
oxidation of hydrocarbons, notably isoprene. Large mixing ratios are also predicted above 
developed countries, due to anthropogenic emissions . 

..... , .. ~" .~ ................................. ,.~--.... -.... " ........ ~.' .... ~ .. ' ,-
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Figure lOa. Mixing ratio of nitrogen oxides (N0x) predicted by IMAGES (log scale) at 40 meters altitude. in 
June. Contours range from -12 to -8.5 with a step of 0.5. 

Photochemical production of ozone in the troposphere is related to sunlight and the 
concentrations of nitrogen oxides, carbon monoxide and the hydrocarbons. For this reason,' 
surface ozone concentration is very high during summertime in the nonhern midlatitudes (Figure 
IOc). The largest mixing ratios are found over the Mediterranean Sea, due to the vicinity of 
polluted areas and to the lower deposition velocity of ozone over the ocean, compared with its 
value over land. Note also from Figure 8c, the secondary ozone maximum in the western part of 
Central Africa, caused by the emissions related to biomass burning. 

Despite its low atmospheric concentration (about 7 x 105 molecJcm3 on global average), 
the hydroxyl radical plays a key role in atmospheric chemistry, due to its high reactivity. As 
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already mentioned, OH is responsible for the largest part of the methane sink. OH is mainly 
controlled by sunlight, ozone, nitric oxide, carbon monoxide and methane. Its concentration is 
the largest in tropical regions, in the summer hemisphere. The annually averaged photochemical 
lifetime of methane predicted by the model is about 10 years, in very good agreement with recent 
estimates based on considerations about the budget of methylchloroform (erotzcn, 1991; Prinn et 
al., 1992). . . 
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Figure lOb. Mixing ratio of carbon monoxide (CO) predicted by IMAGES at 40 meters altitude in June. Contours 
range from 100 to 350 with a step of 50. 
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Figure lOe: Mixing ratio of ozone (~) predicted by IMAGES at 40 meters altitude in June. Contours range from 
IS to 60 with a step of 5. 

3.4 The Pre-industrial Atmosphere 

The IMAGES model can be used as a tool to determine the sensitivity of the atmospheric 
chemical composition to e.g. climatic variations or changes in the trace gases emissions. For 
example. the chemical composition of the troposphere for conditions corresponding to the pre­
industrial time (a few centuries from now) was simulated by the model and compared to the 
present-day composition. The pre-industrial emissions of trace gases are estimated by assuming 
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zero contributions from technological sources and biomass burning. The other sources and the 
dynamical fields are assumed to be the same as they are now. Methane concentrations at pre­
industrial times are specified from ice core data. The model results show that the mixing ratios of 
the most important pollutants, such as ozone, carbon monoxide and the nitrogen oxides 
dramatically increased since the pre-industrial period. For example, Figure 11 displays the 
difference in percent between the surface mixing ratio of ozone for pre-industrial and present-day 
conditions. The effect of industrialization is very apparent over Europe, North America and 
Japan, where the photochemical production (due to the increased emissions of species associated 
wiLh pollution) caused a 2-3 fold increase in the surface concentration. This result is in good 
agreement with a recent analysis of experimental data collected at the turn of the last century 
(e.g., Volz and KIey, 1988). Far from the most polluted areas, the ozone increase is less 
pronounced but still large (40-150%). . 
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Figure 11. Percentage cbange in tbe ozone mixing ratio bCtween pre-industrial and present times (June, 40 meters 
altitude). Contours range from 25 to 250 with a step of 25. . 

The oxidizing capacity of the atmosphere is predicted by the model to have only slightly 
decreased since pre-industrial times. For example, the chemical lifetime of methane increased by 
about 10%, implying that OH did not change very much on the average. This is an interesting 
result, as changes in the oxidizing capacity of the atmospheric have long been invoked as a 
possible cause of the observed increase of the methane concentration. It also means that the 
mean oxidizing capacity of the atmosphere is not very sensitive to changes in surface-emitted 
pollutants. The model shows that OH increased by more than 200% over mid-latitudes close to 
the surface, but decreased in remote areas. 

4. Carbon Cycle Model 

The global cycle of C02 includes fluxes between the atmosphere, the biosphere, and the 
oceans. An important fraction of the C02 released by human activities does not accumulate in the 
atmosphere, pointing to the existence of large, poorly understood carbon sinks; C02 absorption 
by the oceans was previously believed to be the best candidate for this role (Bolin et al., 1986). 
However, General Circulation Model (GCM) comparisons with atmospheric C02 measurement< 
and in particular, the observed interhemispheric C02 gradient, suggest the existence of a much 
larger carbon sink in the northern hemisphere than in the southern hemisphere (Tans et al., 
1990), suggesting that the continental biosphere be a carbon sink. Reforestation in large areas of 
temperate and boreal latitudes (Kauppi et al., 1992), and biospheric productivity enhancement 
due to C02 fertilization effect (Bolin et aI., 1986) might increase phytomass and therefore store 
carbon in the terrestrial biosphere. Global biospheric models are then necessary to verify this 
hypothesis and to assess the quantitative importance of the biosphere in the carbon cycle. 
Moreover, these models are also needed to help interpret observational atmospheric C~ data; the 
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seasonal variation of atmospheric C02 is mainly caused by the seasonal cycle of the biosphere. 
Any reliable comparison of GCM results with measurements has to involve a realistic model of 
the biospheric seasonality. 

We developed a global, geographically referenced biospheric model. Empirical 
correlations between the variables describing the continental biosphere and the climate are used, 
so that the equilibrium response of vegetation to climatic change can be predicted by the model. 

The biospheric model predicts the global distribution of nine natural vegetation types and 
the main carbon pools and fluxes from climatic variables, namely, temperature and precipitation 
derived from climatology (Shea, 1986). A first version of this model is described in a previous 
paper (Friedlingstein et al., 1992). Our updated version has several important new features. 
First of all, the seasonal cycle of the biospheric variables is evaluated, i.e., monthly rather than 
annual amounts are now calculated. This improvement is fundamental in order to reproduce the 
atmospheric C02 seasonality which is mainly driven by the biospheric activity. Secondly, the 
relevant carbon nux for studies of atmospheric C02 is the net C02 exchange between the 
biosphere and the atmosphere. that is to say, the difference between an atmospheric C02 source 
(heterotropieal respiration) and an atmospheric CDl sink (Net Primary Production, or NPP). 
Therefore we include, besides NPP calculation, the computation of the phytomass, litter and soil 
pools, and their respective production and decomposition fluxes. 

We used this model to simulate the Last Glacial Maximum (18,000 years ago) vegetation 
distribution and its carbon content (Friedlingstein et a1., 1992). Results show an important shift 
from high vegetation types (boreal. temperate and tropical forest) to low vegetation types (tundra, 
grasslands and desertc;) for LGM climate. As a consequence, the phytomass and soil carbon 
were significantly lower during this glacial period. 

90 

60 

30 

o 

-30 

6 
.-60 

-90 

J F M A M J J A SON D 
Figure 12. ZonaIly averaged net C~ exchange flux (gCJm2/monlb) between the biosphere and the aunosphere. 
Positive values indicate release from the biospbere, negative values correspond to uptake by the biospbere. 
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For the contemporary carbon cycle, our model reproduces quite well the different pools 
and fluxes and their seasonal pattern. As an example, the seasonality of the net C02 exchange 
flux (Figure 12) highlights the importance of the northern hemisphere for the atmospheric C02 
seasonality. In this hemisphere, CO2 uptake by the biosphere occurs during ~ relatively short 
period of time, roughly, from end of spring until end of summer, whereas organic 
decomposition is occurring from early spring to end of fall and even in winter in temperate and 
tropical regions. The net flux is then an atmospheric source from September to April and an 
atmospheric sink from April to September. The southern hemisphere shows a similar pattern but 
dephased by six months. We compared our model results for the seasonal pattern of the net C02 
with results from the model of Fung et al. (1987), based on the Normalized Difference 
Vegetation Index (NOVI). Comparison shows a good qualitative agreement. The carbon fluxes 
from the latter model has been used in the past to simulate the atmospheric transport of C02 
(e.g., Tans et a1.. 1990; Fung et aI., 1987). We are presently introducing our biospheric C02 
fluxes. combined with the other C02 sources/sinks (Le .• fossil fuel combustion, deforestation 
and ocean-atmosphere exchange) into the semi-Lagrangian transport code from the NCAR 
Community Climate Model (CCM2). . 

Figure 13.a Mixing ratio of carbon dioxide for july. Add 350 to dIe values shown to obtain dle mixing ratios in 
ppmv. ContoUrs range from -5 to 15 widl a step of 2.5. 

Figure 13.b Mixing ratio of carbon dioxide for December. Add 350 to dIe values shown to obtain the mixing 
ratios in ppmv. Contours range from -4 to 16 with a step of 4. 
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Preliminary tests made with the IMAGES model show (Figures 13a-b) the variation in 

the mixing ratio of C02 in the atmosphere, in relation with the seasonality in the net C02 
exchange with the continental biosphere. A strong meridional gradient, associated with fossil 
fuel burning is also visible. Its magnitude is, however,larger than suggested by observations. 

s. Future Perspectives for Chemical-transport Modeling 

With faster and more powerful computers becoming available, the development of thrce­
dimensional chemical-transport models (CTM's) coupled "on line" with detailed general 
circulation models (GCM's) will soon become practical. In these models, the distributions of 
approximately 50 chemical species are calculated and the concentrations of some of them (e.g., 
ozone) are used to derive radiative properties and dynamical quantities. First attempts have 
already been completed for the stratosphere by Rasch, Boville and Brasseur (1993). 
Applications for the troposphere will probably be completed in an "off-line" mode, i.e., the 
chemistry does not influence the calculated dynamics and temperature. The IMAGES is an 
attempt to develop such an off-line CTM. A more detailed model forced by the winds provided 
every 6 hours by a GCM is under development by our group. 

FinaJly, the need for more accurate analyses of available data corresponding to specinc 
meteorological situations has led us to develop a nested model with a spatial resolution increasing 
towards a region of interest. In such a model, the physical and chemical processes are treated in 
a climatological sense and with few details on the global (or hemispheric) scale. In the region to 
be studied in detail, the spatial resolution is higher and meteorological situations (including cloud 
distributions, precipitation, boundary layer conditions, etc.) are calculated with much detail. To 
adopt at the same time a global and a regional approach, a complex grid needs to be implemented. 
Finite elements methods are well adapted to solve numerically the physical and chemical 
equations involved in the model that is under development 
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