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ABSTRACT
The global chemistry and transport model MOCAGE (Modèle de Chimie Atmosphérique à Grande Echelle) is used
to investigate the contribution of transport to the carbon monoxide (CO) distribution over West Africa during spring
2001. It is constrained with the CO profiles provided by the Measurements Of Pollution In The Troposphere (MOPITT)
instrument through a sequential assimilation technique based on a suboptimal Kalman filter. The improvement of
tropospheric CO distribution from MOCAGE is evaluated by comparing the model results (with and without assimilation)
with the MOPITT CO concentrations observed during the analysed period (between 2001 March 15 to 2001 April 30),
and also with independent in situ CMDL and TRACE-P observations. The initial overestimation in high CO emissions
areas (Africa, SE Asia and NW coast of South America) is considerably reduced by using the MOPITT CO assimilation.
We analysed the assimilated CO for a period of three successive 15 d periods in terms of average fields over West Africa
and contributions to the CO budget of transport and chemical sources. It is found that the horizontal and vertical CO
distributions are strongly dependent on the characteristics of the large-scale flows during spring, marked by the onset
of the low-level southerly monsoon flow and the gradual increase of the well-known African and tropical easterly
jets at middle and upper levels, respectively. Total transport by the mean flow (horizontal plus vertical advection) is
important in the CO budget since it mostly compensates the local sink or source generated by chemical reactions and
small-scale processes. The major source of CO is concentrated in the lower troposphere (1000–800 hPa) mainly due to
convergent low-level flow advecting CO from surrounding regions and surface emissions (biomass burning). Vertical
transport removes 70% of this low-level CO and redistributes it in the middle troposphere (800–400 hPa) where chemical
reactions and horizontal exports contribute to the loss of CO. A lesser proportion is transported upwards into upper
troposphere, and then horizontally, out of the considered domain.

1. Introduction

Knowledge of the CO distribution is essential to determine the
chemical activity in the troposphere through its dominant role in
the tropospheric OH radical depletion (Thompson, 1992), and
also to identify the main sources of pollution such as biomass
burning. Increased CO may also indirectly affect the radiative
forcing of the atmosphere and hence intensify the global warm-
ing by increasing the concentration of greenhouse gases such
as ozone (O3) and other oxidants (Daniel and Solomon, 1998).
It is widely recognized that the tropospheric distribution of CO
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and other chemical species is strongly modulated by atmospheric
processes. In particular, vertical and long-range horizontal trans-
ports are major contributions to the export of polluted air from
one region to another or between continents (Bey et al., 2001a).
Due to its relatively long life time [2 months on global aver-
age (Cicerone, 1988)] and the large variability of its source and
distribution, the CO can be used as a tracer to diagnose the tro-
pospheric circulation and main pollution outflow regions. At
present, the predominant pollution sources are identified over
the globe, and the main pathways of intercontinental air trans-
port are known (Stohl et al., 2002; Duncan and Bey, 2004;
Liang et al., 2004). However, a better characterization of all
transport processes is still needed since a wide range of spatial
scales, physical and chemical mechanisms, is involved (Mari
et al., 2003). An increasing interest is taken in the most polluted
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continents, such as North America or Asia, as targets of aircraft
campaigns [NARE (Fehsenfeld et al., 1996), PEM-West B (Hoell
et al., 1997), TRACE-P (Jacob et al., 2003)]. The present study
focuses on African continent, and more specifically on West
Africa, which is known to generate huge amounts of pollutants
from both its megalopolis concentrated around Gulf of Guinea
and biomass burning during winter time. Considering CO an-
thropogenic emissions from domestic and industrial activities,
Stohl et al. (2002) characterized the timescales and the path-
ways of intercontinental transport all year long; this study shows
that African CO tracer experiences strong up lifting. That plume
stays mostly confined to the tropics because of subtropical trans-
port barriers, tracers crossing Atlantic Ocean in 25–30 d. But,
depending on the season, emissions from northern and southern
Africa can be advected towards the midlatitude stormtracks, and
so reach European or Australian continents. Analysing the CO
emitted from the northern Africa biomass burnings in the early
part of the year, Edwards et al. (2003) also underlined the ver-
tical transport in the free troposphere, and its export westwards
out into the Atlantic, and southwestwards to the Gulf of Guinea
or southern central Africa (fires in western and eastern Africa,
respectively). Whereas Africa outflow of CO is confirmed, it is
necessary to quantify its intensity in order to better character-
ize its impact on the tropospheric chemistry. This is one of the
goals of AMMA (African Monsoon Multidisciplinary Analysis,
http://amma.mediasfrance.org/international/index), an interna-
tional project of which the Special Observing Periods (SOP) will
be held in 2006. AMMA implements both numerical and satel-
lite tools upstream, during and downstream the SOPs. The study
proposed here constitutes a preliminary work to the AMMA
campaign.

Global Chemistry and Transport Models (CTM) including as-
similation of chemical species measurements (e.g. Allen et al.,
1996; Lamarque et al., 1999; Khattatov et al., 2000; Cathala
et al., 2003) are used for a better understanding of global atmo-
spheric chemistry. The chemical assimilation part allows con-
straining the distributions of observed species (and also possibly
of non-observed but chemically related species) while meteoro-
logical analyses give realistic forcing. The assimilation provides
global 4-D fields by combining model fields and data, which are
well suited for budget analyses. In this study, Measurements Of
Pollution In The Troposphere (MOPITT) CO data (Drummond,
1992; Edwards et al., 2003) are used to constrain the Modèle
de Chimie Atmosphérique à Grande Echelle (MOCAGE) CTM
(Peuch et al., 1999), using the assimilation procedure described
in Khattatov et al. (2000) and based on the Kalman-Bucy filter.
Transport processes in MOCAGE are discussed and evaluated
in Josse et al. (2004). The purpose of this paper is to evaluate
the CO transport over West Africa by assimilating MOPITT CO
in the MOCAGE model, after validating the assimilation pro-
cedure with independent in situ data. Sections 2 and 3 give an
overview of the MOPITT CO data and the MOCAGE model, re-
spectively. The assimilation technique is described in Section 4

and its validation is performed in Section 5. In Section 6, we
analyse the average springtime CO distribution along with the
airflow structure; last, the CO transport and budget over West
Africa are discussed in Section 7.

2. MOPITT CO observations

MOPITT measurements are performed in eight nadir-viewing
spectral channels using the gas correlation technique. Detailed
description of the instrument can be found in Drummond (1992)
and Drummond and Mand (1996). The MOPITT CO data consist
of total column and vertical profiles of volume mixing ratio that
are retrieved at seven pressure levels (surface, 850, 700, 500,
350, 250 and 150 hPa), with a horizontal resolution of 22 ×
22 km2. Global coverage is accomplished in 3–4 d and data are
available from 2000 March to present. The version 3 level 2
CO profiles (available on the NASA Langley DAAC) are used
in the present study and are by-products of an operational re-
trieval algorithm (Deeter et al., 2003), the so-called ‘maximum
a posteriori’ (MAP) solution based on an optimal estimation
method (Pan et al., 1998; Rodgers, 2000). The retrieval of CO
profiles from MOPITT calibrated radiances is based on three of
the planned signal channels.

The retrieved profile xr can be expressed as a weighted mean
of the true unknown profile x and an a priori profile xa through
the matrix relationship

xr ≈ xa + A(x − xa) = Ax + (I − A)xa, (1)

where I is the identity matrix and A is the matrix in which each
row defines the averaging kernel (Rodgers, 2000) for one partic-
ular level of the retrieved profile. The a priori term describes the
expected statistical behaviour of the CO profile, deduced from
an extended set of in situ data (Deeter et al., 2003). The a priori
contribution (I − A)xa reflects the smoothing error (Rodgers,
1990). The lower this contribution, the closer the retrieved value
is to the true state. In this study, we arbitrarily discarded CO
MOPITT profiles with more than 40% a priori contribution at
500 hPa. This level is considered as the most significant in terms
of MOPITT CO measurement. The MOPITT validation, based
on a large set of CO profiles collected during aircraft flights,
indicates more important biases in the lower troposphere (4–
5 ppbv) (Emmons et al., 2004). Values in percentage range from
8.1 ± 21.5% at ground level to 3.8 ± 10.1% at 500 hPa, and to
−0.2 ± 15.8% at 150 hPa. The 500 hPa level is characterized by
the lowest bias standard deviation. At this level, MOPITT aver-
aging kernels show highest sensitivity in the middle and upper
troposphere (Deeter et al., 2004). However, they exhibit sig-
nificant variability mostly related to the variability of the atmo-
spheric temperature profile, surface pressure, and actual CO pro-
file. In particular, diurnal variations of surface temperature have
considerable effects yielding quite different daytime and night-
time kernels. Mean averaging kernels (Deeter et al., 2003) re-
veal this variability and their geographical location and seasonal
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dependence. It can be shown (Rodgers, 2000) that the averaging
kernel matrix A is related to the a priori error covariance matrix
Ca and retrieved error covariance matrix Cx through

A = I − Cx C−1
a . (2)

Knowledge of the measurements errors Cx is essential for the
sequential assimilation technique described in the next section,
and they are included in the MOPITT datasets.

3. Model description

MOCAGE is a global three-dimensional chemistry and trans-
port model developed at the Centre National de Recherches
Météorologiques of Météo-France, dedicated to the numerical
simulation of the interactions between dynamical, physical and
chemical processes in the troposphere and lower stratosphere
(Peuch et al., 1999). It is a semi-lagrangian gridpoint model,
which can run with up to four levels of nested domains (two-way
nesting), with resolution down to 10 km over areas of special in-
terest. In this study, only the global domain of MOCAGE at a
resolution of 2◦ is considered. The vertical grid is composed of
47 hybrid (σ , P) levels from the surface to 5 hPa, with typical
resolutions of 40–400 m in the boundary layer (seven levels) and
about 800 m near the tropopause and in the lower stratosphere.
ARPEGE (Courtier et al., 1991) meteorological analyses are
used to initialize and constrain the model every 6 hr. Concern-
ing the wind components, only zonal and meridional values are
taken from ARPEGE. Vertical velocity is calculated from these
horizontal components by imposing mass conservation for each
vertical atmospheric column. Convective processes are simu-
lated with the scheme of Bechtold et al. (2001), and turbulent
diffusion is calculated with scheme by Louis (1979). Overall
model performances in terms of transport at resolved and sub-
grid scales are described by Josse et al. (2004). MOCAGE takes
into account the comprehensive chemical scheme RACMOBUS
which is the merging of two detailed stratospheric and tropo-
spheric chemical schemes, REPROBUS (Lefèvre et al., 1994)
and RACM (Stockwell et al., 1997). RACMOBUS includes 119
individual species or groups of species, among which 89 are
prognostic variables, and it considers 372 chemical reactions.
MOCAGE also uses parametrization schemes relative to emis-
sion and dry deposition (Michou and Peuch, 2002; Nho-Kim
et al., 2004; Michou et al., 2005), and scavenging. MOCAGE
is now used daily for chemical weather forecasts (Dufour et al.,
2005; see also http://www.prevair.org).

In the present study, the time step for the evolution of chemical
constituents due to physical and chemical processes is 15 min
while dynamical changes are calculated every hour. An operator
splitting approach is used and the different parametrizations are
called in alternating order at each third step of 15 min. The model
is run with (referred as MOCAGE-ASSIM) and without (referred
as MOCAGE-NOASSIM) assimilation of MOPITT CO from
2001 March 1 to 2001 May 6. The initial field of CO on 2001

March 1 is provided by the National Center for Atmospheric Re-
search climatology that is used in the global 3-D chemical trans-
port model MOZART (Model of Ozone and Related Chemical
Tracers). Monthly emissions of CO are those supplied by IIASA,
and spatially distributed using the EDGAR3.2 database (Olivier
et al., 1996), as described in Dentener et al. (2005). It yields a
CO total emission of 1046 Tg CO yr−1, with 575 Tg CO yr−1

from biomass burning. These values are in agreement with the
range of CO emissions used in some other global models. For
example, Bey et al. (2001b), Horowitz et al. (2003) and Granier
et al. (2000) use a global source of 1043, 1195.05 and 1337 Tg
CO yr−1, respectively, with biomass burning contribution of 550,
486.63 and 675 Tg CO yr−1. Figure 1 shows the fire positions
seen by TRMM/VIRS (Giglio et al., 2003) over Africa for 2001
March and April, and the CO emissions used in MOCAGE. Most
of fires are located between 15◦N and 10◦S for the 2 months. But,
during April, the number of fire counts decreases in the Northern
hemisphere, and increases in the Southern one. The timing and
localization is consistent with CO emissions inventory used for
our simulations. It should be noted that Figs. 1(c) and (d) indicate
also emissions due to industrial activity, in particular around the
Gulf of Guinea. These emissions are similar for the March and
April months.

4. Assimilation procedure

The data assimilation technique described in Lamarque et al.
(1999) and Khattatov et al. (2000) is applied every hour, with an
assimilation window of 1 hr. It consists of a suboptimal Kalman
filter that uses the model forecast at the beginning of this win-
dow as the background field, with an explicit calculation of the
forecast error variance. The basic equation follows the optimal
interpolation equation of Lorenc (1986)

wa
t = w

f
t + Kt

(
wo

t − Ht w
f
t

)
, (3)

where wt
a is the analysed field, wt

f is the model background field
and wt

o is the observational dataset in the assimilation window
centred around the current model time t. To simplify the nota-
tion, subscript t will be ignored hereafter. H is the observational
operator that enables the calculation of model CO profiles to
be compared to the MOPITT retrieved profiles through eq. (1),
where x represents the model background values at the loca-
tion of the observed profiles. Therefore, it combines a horizontal
interpolation to the geographical location of the observation, a
vertical interpolation to the retrieval pressure levels, and an ap-
plication of the corresponding averaging kernel. K is the Kalman
gain matrix defined as

K = BHT (HBHT + O + R)−1, (4)

where B is the forecast error covariance matrix, O contains the
error covariance matrices Cx of the observations, and R is the
representativeness error covariance matrix associated with errors
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Fig. 1. Fires map (0.5◦ resolution) over Africa provided by VIRS/TRMM instrument for 2001, March (a) and April (b), and CO monthly emissions
inventory used in MOCAGE for March (c) and April (d) (moles mesh−1 s−1)

of interpolation and discretization. In the following, R is assumed
to be negligible.

The diagonal elements of B or forecast error variances are ex-
plicitly calculated during the assimilation run, with initial errors
taken as 30% of the model CO field. Off-diagonal elements are
parametrized by separate Gaussian functions depending on the
horizontal and vertical distance between the considered points,
with specific influence radii of 200 and 0.7 km defining the hor-
izontal and vertical correlation lengths, respectively. At each
assimilation cycle, the forecast error covariance is updated by
the analysis error covariance defined as (Lorenc, 1986)

Ba = (I − KH)B,

and the evolution of the modified forecast variance is calculated
by integrating the chemical model forward with the updated vari-
ance as initial conditions. However, as discussed in Khattatov
et al. (2000), an additional model error growth is required to
take into account the imperfections of the model that would lead
to diverging solutions, and it is assumed to be proportional to the
modelled field and the 1 hr integration period. The proportion-
ality coefficient is set to 0.005 per hour.

The above various parameters (initial errors, correlation
lengths, error growth, representativeness error) have been ad-

justed for satisfying the following chi-square diagnosis (Ménard
et al., 2000)

χ2 = (
wo − Ht w

f )T
(HBHT + O + R)−1(wo − Hw f ) = N ,

where N is the total number of independent measurements in-
volved in the determination of all assimilated profiles (for a par-
ticular profile, the trace of the averaging kernel matrix gives the
number of independent elements). Throughout the 2 month as-
similation period, the associated χ2/N ratios oscillate around 1,
suggesting that the selected parameters are well suited.

5. Validation

An in short evaluation test consists of a systematic comparison
of the model results from MOCAGE-ASSIM and MOCAGE-
NOASSIM runs with the observed MOPITT CO measurements
that were used in the assimilation procedure. Model outputs were
saved every 6 hr. So before applying the appropriate averaging
kernels to the model values that enable a point-to-point compar-
ison, the model fields are interpolated according to the space–
time coordinates of the observations. The linearity assumption
is correct 5 d after the beginning of the simulation as revealed in
particular by the time evolution of the χ2/N ratios (not shown).
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Fig. 2. Pearson correlation coefficient of
MOPITT and MOCAGE, without (a) and
with (b) assimilation. Error bars are
indicated.

Fig. 3. Mean global CO distributions (ppbv)
at 500 hPa from (a) MOPITT measurements,
(b) MOCAGE without assimilation and (c)
MOCAGE with assimilation. The square
delimits the considered domain.

The analysed period begins on 2001 March 15 and ends on
April 30. Figure 2 shows the mean, minimum and maximum
for three 15-d-averaged linear Pearson coefficients of MOPITT
and MOCAGE CO global distributions calculated at MOPITT
levels. This figure clearly shows the stronger correlation between

observations and simulation when the assimilation is performed.
The correlation coefficients are around 0.955 with a mean error
of 0.01 for MOCAGE-NOASSIM, while they increase to about
0.975 for MOCAGE-ASSIM, with a mean error decreasing to
0.005.
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Fig. 4. MOCAGE OH mean zonal
distribution (105 molecules cm−3) averaged
on 2001 April.
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b : Fig. 5. Point-by-point global comparison of
aircraft data (plus and diamond for CMDL
and TRACE-P data, respectively) and
corresponding MOCAGE simulations, (a)
without MOPITT CO assimilation and (b)
with assimilation. Also shown is the linear
regression (dotted line) and the 1:1
relationship (continuous line). The slope of
the linear regression and the corresponding
correlation coefficient (R) and standard
deviation (STD) are indicated.

Figure 3 compares the average distributions of CO at 500 hPa
during the period of interest. Globally, MOPITT, MOCAGE-
NOASSIM and MOCAGE-ASSIM show similar distributions
with high CO concentrations in the northern hemisphere and
tropical regions. The importance of MOPITT data to constrain
the model simulations is highlighted by the close correlation be-
tween observed (Fig. 3a) and assimilated (Fig. 3c) CO fields,
which appear quite comparable in magnitude and spatial ex-
tension. Significant differences can be found when the model
runs are performed without assimilation (Fig. 3b). In most re-
spects, MOCAGE-NOASSIM overestimates the CO mixing ra-
tios, particularly over high CO emissions regions (equatorial
Africa, SE Asia and NW coast of S. America). Several reasons
could lead to this, for example uncertainties in the emission in-
ventory, transport or chemical processes. Josse et al. (2004) have
already described the validation of the model transport processes
at the resolved and subgrid scales, using radon global simula-
tion as in Jacob and Prather (1990) and Jacob et al. (1997).
MOCAGE performs well at both scales. Concerning CO chem-
istry, and the related distribution of OH, the simulation performed
by MOCAGE-NOASSIM presents expected features (Fig. 4):
highest OH values are found in the tropical mid-troposphere re-
flecting the abundance of UV radiation and water vapour. How-
ever, OH maxima are lower by approximately 20% compared
to recent estimates by Spivakovsky et al. (2000). This partly
explains high CO concentrations. The assimilation of MOPITT
CO tends to improve both CO and OH distributions (not shown)
by increasing OH by about 5%. MOCAGE was previously used

in several studies, in particular Dufour et al.’s (2005) work, in
which heavy pollution episodes were simulated and compared to
a 4-D air quality observations database (ozone, nitrogen oxides,
radicals, volatile organic compounds measurements).

In order to assess the validity of CO assimilated fields, we
made a comparison between MOCAGE-ASSIM CO and inde-
pendent aircraft data measured in various experiments. We use 20
CO profiles from the Climate Monitoring and Diagnostics Lab-
oratory (CMDL) (Novelli et al., 1992, 1998) and Transport and
Chemical Characterization and Evolution over the Pacific exper-
iment (TRACE-P) (Jacob et al., 2003) within the period. Figure 5
shows the comparison between these profiles and MOCAGE re-
sults with and without assimilation. The CMDL measurements
were recorded over the North American continent and Western
Pacific Ocean, TRACE-P data concern Eastern Asia coast. The
improvement of the model representation of the CO mixing ratios
using assimilation of MOPITT data is quite reasonable for these
regions: the model-observation correlation increases (from 0.68
to 0.83) and the standard deviation decreases (from 28.7 to 21.3
ppbv). This correction is much more effective when considering
the linear regression curve which has a slope of 0.97. In the case
of MOCAGE-NOASSIM, the slope is 0.76. In the same way, Em-
mons et al. (2004) used CMDL and TRACE-P data among others
sources, and compared them to MOPITT CO measurements for
two periods: 2000 March–2001 May, and 2001 August–2002
December. For the first phase, which includes our study period,
the mean Pearson correlation coefficient is about 0.87, a value
comparable to our correlation coefficient of 0.83, with these
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following differences (1) we worked on 2 months instead of
the full year, (2) we considered a reduced set of data and (3) the
horizontal and vertical resolutions in the model are quite different
from the aircraft observations. Considering the horizontal reso-
lution, the size mesh of MOCAGE is 2◦ and 22 km for MOPITT
(pixel size). Nevertheless, this suggests that MOCAGE-ASSIM
simulations provide 4-D CO fields of very good quality, which
added to realistic meteorological forcing (ARPEGE analyses)
give a more powerful tool to analyse budgets of CO than the
model results without assimilation.

6. Dynamics and CO distribution

In this section the CO distribution over West Africa, along
with the major meteorological features, is analysed during 2001
March and April. We consider the area bounded by 10◦S,
20◦N, 20◦W and 20◦E, which is a region of observed high CO
concentration as shown in Fig. 3c, and corresponding to the
large-scale AMMA observing region. March and April are par-
ticularly interesting months for two reasons. First, they corre-
spond to the end of the northern hemisphere winter during which
biomass burning takes place in Savannah regions and tropical
rain forests of northern Africa, so large amounts of CO pro-
duced by incomplete combustion are emitted over burnt areas
(Gregory et al., 1996; Cautenet et al., 1999; Nielsen, 1999).
Second, they represent the onset period of southwesterly flux to-
wards the south-facing coast of West Africa, originating from the
southern hemisphere easterly trade winds as they cross the equa-
tor. This monsoon flux migrates further to the North during the
boreal summer, and the position of the Intertropical Convergence
Zone (ITCZ) between this flux and the northern hemisphere east-
erly winds, strongly modulates the tropospheric circulation and
meteorological events in West Africa (see Leroux, 2001). The
ITCZ is a region of rising air and corresponds to the ascending
branch of the Hadley circulation. Towards the North, the tropo-
spheric circulation is marked by dry easterly winds, the so-called
Harmattan flow, that could extent from the surface to 600 hPa
above which extratropical westerlies are blowing. The region of
strongest wind intensity is located near the tropopause (100–200
hPa) and is referred hereafter as to the subtropical westerly jet
(SWJ). Towards the South and above the monsoon flow of about
1000 m depth, easterly winds are dominant with two modes of
strongest winds: the African easterly jet (AEJ) in the mid-layers
(400–700 hPa) and the tropical easterly jet (TEJ) in the upper
layers (100–200 hPa). During the northward migration of the
ITCZ, the confrontation of the monsoon flux from the Gulf of
Guinea and the Harmattan flow can be to the source of convective
activity that is often organized in squall line moving from east
to west, due to perturbations associated with large-scale easterly
waves.

Figure 6 shows CO calculated by MOCAGE-ASSIM and
wind fields at 850, 500 and 250 hPa. These represent an av-
erage over a 15 d period, namely from 1 to 15 April. The overall

Fig. 6. Mean CO (colours, ppbv) and wind fields for the two first
weeks of April (AP1) simulated by MOCAGE with assimilation of
MOPITT CO, at 850 (a), 500 (b) and 250 hPa (c). Vertical velocity
component is represented by isolines from 0.4 cm s−1, and every
0.4 cm s−1. African coast is also indicated (white isoline).

dynamical characteristics discussed above are well represented.
The extensive west-east oriented area of high CO concentration
(>150 ppbv) at 850 hPa (Fig. 6a) reveals the approximate posi-
tion of biomass burning emissions. At middle and upper levels
(Figs. 6b and c) the CO concentration is smaller, but it expands
over a larger area. Near the surface, the northern border of high
CO values domain is correlated with maximized positive verti-
cal velocities (Fig. 6a), in the confluence zone of the Harmattan
and monsoon flows. A major feature of CO field versus altitude
is to present a minimum at mid-levels, which is well connected
to the AEJ between 0◦ and 5◦N (Fig. 6b). One can also note the
westerly winds at 500 hPa beyond 15◦N, with maximum intensity
of 13 m s−1. At higher levels (Fig. 6c), there is a clear signature
of the SWJ (maximum intensity of 30m s−1) beyond 10◦N and
the TEJ between 0 and 5◦S, with the strongest CO between both
jets.
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Fig. 7. Vertical mean CO and wind fields averaged over west-east extent of the Fig. 6 domain, and simulated by MOCAGE with assimilation for the
three periods: (a, d) MA2, (b, e) AP1, and (c, f) AP2. Left column shows CO fields (ppbv) with vertical velocity (isolines, from 0.4 cm s−1 and every
0.2 cm s−1). Right column shows longitudinal wind component intensity (m s−1) and latitudinal airflow (arrows).
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Figure 7 shows the evolution and organization of mean CO
and wind fields along a meridional cross-section. The fields are
averaged both in time, over three 15 d periods (15–31 March,
1–15 April and 16–30 April, hereafter referred to as MA2, AP1
and AP2, respectively), and space over the longitudinal width
of the domain shown in Fig. 3c. The CO distribution indicates
strong concentration near the surface, between 5◦ and 15◦N, and
more moderate values at higher levels, extending southwards and
strengthening with time (Figs. 7a–c). Inspection of Figs. 7d–f
reveals the gradual northward migration of the monsoon flow
and also the other flow components in West Africa, that is, the
northern hemisphere trade winds, AEJ, TEJ and SWJ. These
jets influence the distribution of CO, particularly above 500 hPa.
This level corresponds to the altitude at which the Harmattan
flow transports the air mass enriched with CO. Above it, a part
of this CO is swept away westwards by the AEJ, and another
part is transferred upwards into the secondary circulations of the
SWJ and TEJ. This is consistent with the two areas of positive
vertical motion: the first from 850 to 500 hPa, and the second
above, from 500 to 150 hPa (Figs. 7a–c). It should be noted
that the upper core of ascending motion increases with time, in
particular between MA2 and AP1/AP2. In fact, the northward
displacement of the global circulation is faster in altitude: the
secondary circulation of the SWJ and TEJ takes over efficiently
from the upward motion generated at the surface, particularly
during AP1. So air rich in CO penetrates more quickly through
250 hPa level into a region of weak horizontal winds (Fig. 6c).
This extends, in a temporal way, the discussion of Edwards et al.
(2003) about the CO transport near the ITCZ. Using forward
trajectory, these authors evidence the influence of the horizontal
advection, westwards and southwestwards for emissions from
western and eastern Africa, respectively, as indicated in intro-
duction. So, large-scale vertical motions generated in the upper
troposphere by the ascending branch of the Hadley circulation,
SWJ and AEJ have a clear impact on CO distribution during
March and April.

7. CO transports over West Africa

The CO budget over a region is computed according to the cal-
culation of Yanai et al. (1973) for the apparent heat source of
a large-scale convective system, by considering the horizontal
average of the conservation equation. Following Brasseur et al.
(1999), in chemical models, the continuity equation can be ex-
plained as

∂ρr
∂t

= −∂ρur
∂x

− ∂ρvr
∂ y

− ∂ρwr
∂z︸ ︷︷ ︸

T

+S + �, (5)

where ρ is the air density (kg m−3), r is the CO concentra-
tion (moles kg−1), S and � are local sources/sinks (expressed in
moles m−3 s−1). S is due to chemical reactions. � represents the
subgrid-scale processes that are parametrized in MOCAGE: tur-
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Fig. 8. Mean CO profiles averaged over the domain defined in Fig. 3c
and simulated by MOCAGE with assimilation of MOPITT CO for
three periods: MA2, AP1 and AP2 (see text).

bulent diffusion, deep convection, wet scavenging, etc. as well
as ground emissions and dry deposition. u, v and w are the zonal,
meridional, and vertical wind components (m s−1), respectively.
∂/∂t is the Eulerian derivative. T stands for advective processes.
Considering horizontal means in eq. (5), spatial derivatives are
evaluated using discrete differentiation scheme, S is calculated
as the loss of CO due to its reaction with OH, and � is estimated
as a residual term, then all budget components are averaged over
the half-month periods MA2, AP1 and AP2 as described in Sec-
tion 6. In the following, we limit the calculations over West
Africa within the domain defined in Fig. 3c.

The profiles of the semi-monthly horizontal mean CO dur-
ing MA2, AP1 and AP2 indicate concentrations ranging from
110 to 130 ppbv throughout the troposphere tending to in-
crease with time above 500 hPa (Fig. 8). Surface CO mainly
caused by biomass burning contributes to the highest CO values
(∼150 ppbv) in this region (Gregory et al., 1996), which dramat-
ically decrease down to 120 ppbv at 900 hPa. Then the vertical
structure presents small variations up to 150 hPa, with a relative
minimum between 300 and 500 hPa. The semi-monthly mean
(large-scale) wind components and horizontal wind convergence
in Fig. 9 also reveal variations from MA2 to AP2. In particular
the mean CO evolution appears to be closely related to a well-
marked positive evolution of the vertical velocity (Fig. 9a), sug-
gesting the possible role of the large-scale vertical motions to re-
distribute CO throughout the troposphere. During AP1 and AP2,
the mean vertical motions are mainly upwards, with two layers of
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Fig. 9. As in Fig. 8, but for (a) vertical
velocity, (b) west-east wind component,
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(d) horizontal wind convergence.
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Fig. 10. Mean budget of CO (10−11 moles
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MOCAGE with assimilation of MOPITT
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and (c) AP2. The solid, dashed, and
dashed-dotted lines correspond to total flux
convergence, CO source/sink due to
subgrid-scale processes and chemical
reactions, respectively, the three components
of CO Eulerian derivative (dotted line).

pronounced maximum about 800 and 200 hPa, below and above a
relative positive minimum at 400 hPa. This differs from the MA2
profile, which exhibits a negative minimum at this level. The av-
erage zonal winds (Fig. 9b) also show a clear evolution. For MA2
and AP1, they are easterly in the lower (>400 hPa) troposphere
while they turn to westerly above. The easterlies intensify dur-
ing AP2 while the westerlies (related to the SWJ) progressively
decrease due to the onset of the AEJ and TEJ over the region,
the effect of which is an apparent negative shift of the zonal
wind profile above 650 hPa. Meanwhile the meridional compo-

nent (Fig. 9c) exhibits a more variable structure with height and
time, alternating southerly and northerly flow from the surface
to 100 hPa. The horizontal wind variations are associated with
the northward displacement of the ITCZ. The mean flow conver-
gence (Fig. 9d) exhibits two marked layers of convergence (min-
imum below 750–800 hPa and between 400 and 250 hPa) asso-
ciated with the low- and upper-level vertical velocity maximum
(Fig. 9a).

Figure 10 presents the profiles of the semi-monthly CO mean
time evolution along with its sources/sinks due to total transport,
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small-scale processes and chemical reactions, according eq. (5).
Consistently with Fig. 8, the CO mean tendency during MA2,
AP1 and AP2 is negative below 500 hPa. However it is more
than an order of magnitude smaller than the different terms that
contribute to the CO budget: T , S and �. Hence, at each level,
the different CO production/loss terms balance each other quite
well. Strongest contributions are in the lower (>600 hPa) tropo-
sphere: maximum sources and sinks occur between the surface
and 800 hPa. At the lowest levels (>950 hPa), sources origi-
nate from surface emission and turbulent diffusion whereas ad-
vection and OH reaction act as a sink. At levels near 800 hPa,
source and sink origins change: large-scale advection supplies
this layer with CO while subgrid vertical transport (deep convec-
tion) processes generate an upward transport (the 900–700 hPa
layer feeds the 700–80 hPa one with CO), while the destruction
with OH represents one third to half of the sink.

The partition of the horizontal and vertical flux convergences
reveals the respective role of both horizontal and vertical mean
transports. Figures 11a–c show that horizontal and vertical mean
flux convergences are opposing in most respects. Globally the
vertical CO flux convergence (divergence) balances the horizon-
tal flux divergence (convergence), except in the layer ∼850–
750 hPa where both horizontal and vertical fluxes act to increase
the CO concentration compensating for the sink created by small-
scale processes such as convection (Fig. 10). Vertical transports
associated with the low-level updraft layer (see Fig. 9a) remove
CO present below ∼850 hPa and redistribute it in the upper 850–
400 hPa layer. In addition to convection contribution (Fig. 10),
this CO uplift helps in maintaining sufficient concentration to
balance the loss of CO due to horizontal exports and chemical
reactions occurring at these upper levels. Figures 11 and 9(d)
strongly suggest that the horizontal CO flux convergence pri-
marily results from the horizontal wind convergence.

Table 1 gives a quantitative synthesis of the relative impor-
tance of the budget components in three characteristic layers
that can be defined from the above discussion. To evaluate the
respective roles of horizontal and vertical resolved transports,
subgrid-scale processes and chemical reactions, various terms of
eq. (5) (i.e. horizontal convergence, chemical sink, subgrid pro-
duction/loss and time CO evolution terms) are integrated down-
wards throughout the depth of each layer and over a unit surface,
yielding net changes expressed in moles s−1. The net surface

emission (emission + deposition) is deduced from the balance
of the budget equation within the total column. The first layer
is between 1000 and 800 hPa where the upward motions are
important for CO transport to the 800–400 hPa layer (second
layer). Finally the rest of the troposphere defines the third layer
where smaller contributions are found. The vertical velocity is
very small at the top of this layer near 80 hPa, and is assumed to
be 0 in order to close the budget. Table 1 indicates that during the
three periods MA2, AP1 and AP2, lateral inward transports of
CO constitute the major source in the surface layer (52–55% of
the total source in each 1000–100 hPa column), indicative that
for this season CO emissions outside our reference box are of
importance in the local budget. Another lesser source from sur-
face emission of CO (18–31%) is necessary to compensate the
loss of CO due to OH reaction (5–6%) and upward top transfer
(67–80%). This upward transport from low-level CO fully pro-
vides the source of the middle layer (800–400 hPa) since both
horizontal exports and chemical processes account for the CO
sink (34–46% and 13–16%, respectively) in addition to the loss
from upward transport through the top of the considered layer. Fi-
nally, the proportion of CO source in the upper layer (<400 hPa)
mainly originates from subgrid transport processes (13–22%)
and large-scale vertical transports (increasing from 2% to 26%),
to balance the horizontal exports and chemical sink.

8. Conclusions

In this paper, we have used CO to analyse transport of pollu-
tants emitted by biomass burning over West Africa during Spring
2001. The study is based on the assimilation of MOPITT CO
measurements in the global 3-D chemistry and transport model
MOCAGE using a Kalman filter technique. A validation of simu-
lated CO distributions has been performed using MOPITT mea-
surements, CMDL and TRACE-P data. It is found that assim-
ilation has a positive impact on model results, in particular it
reduces the strong overestimation over tropical regions, provid-
ing more realistic CO fields than the model ‘free’ simulation.
The 4-D assimilated fields obtained, combining realistic infor-
mation on the dynamics (ARPEGE meteorological analyses) and
on the tracer distribution, are well suited to compute CO budgets.
Analysis of CO distribution and transport over West Africa dur-
ing 2001 March and April shows that dry convection resulting
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Table 1. Budget of CO over West Africa during MA2, AP1, and AP2. Contributions of transport, unresolved and chemical
processes, and CO time evolution (10−8 moles s−1) in a unit base column are given for the three layers: surface to 800 hPa,
between 800 and 400 hPa, and from 400 to 80 hPa. The percentages indicated in brackets are computed relative to the total
influx integrated over the depth of the column (last line)

Process Surface to 800 hPa

MA2 AP1 AP2

CO influx due to biomass burning 0.46 (23%) 0.43 (18%) 0.59 (31%)
Chemical source/sink flux −0.12 (−6%) −0.12 (−5%) −0.12 (−6%)
Influx/outflux due to horizontal transport 1.03 (53%) 1.23 (52%) 1.05 (55%)
CO time evolution flux (× −1) −0.01 (0%) 0.04 (2%) 0.01 (0%)
Vertical outflux towards the layer above −1.36 (−70%) −1.58 (−67%) −1.53 (−80%)

800 to 400 hPa
CO influx from the layer below 1.36 (70%) 1.58 (67%) 1.53 (80%)
Chemical source/sink flux −0.31 (−16%) −0.30 (−13%) −0.28 (−15%)
Subgrid processes −0.18 (−9%) 0.08 (3%) −0.09 (−5%)
Influx/outflux due to horizontal transport −0.89 (−46%) −1.10 (−46%) −0.65 (−34%)
CO time evolution flux (× −1) 0.07 (3%) 0.05 (2%) −0.01 (0%)
Vertical influx from/outflux towards the layer above −0.05 (−2%) −0.31 (−13%) −0.50 (−26%)

≤400 hPa
CO outflux towards/influx from the layer below 0.05 (2%) 0.31 (13%) 0.50 (26%)
Chemical source/sink flux −0.17 (−8%) −0.17 (−7%) −0.18 (−9%)
Subgrid processes 0.38 (19%) 0.52 (22%) 0.25 (13%)
Influx/outflux due to horizontal transport −0.27 (−13%) −0.67 (−28%) −0.58 (−30%)
CO time evolution flux (× −1) 0.01 (0%) 0.01 (0%) 0.01 (0%)
Total source 1.95 2.36 1.91

from the confluence between monsoon and Harmattan winds is
responsible for the CO upward motion as high as 500 hPa. At
this level, a part of the CO is transported westwards by the AEJ,
and another part is taken in the secondary circulation of TEJ and
SWJ, with CO reaching more easily 200 hPa and also for a frac-
tion to be transported eastwards and westwards within SWJ and
TEJ, respectively. Quantitative study of CO budget reveals a bal-
ance between total resolved-scale and subgrid-scale transport, as
well as chemical contribution, which are the main source/sink
of CO. So, when considering the West African troposphere, the
main source of CO comes from low levels (surface to 800 hPa)
and is associated with biomass burning (∼18–31%) and inflow
(∼52–55%). This quantity is then reallocated throughout free
troposphere by net horizontal and vertical transports, and evolves
via chemical reactions. More than 70% of the CO present in low
levels (surface to 800 hPa) is evacuated by transport into the free
troposphere. Above 800 hPa, the portion that contributes to the
increase in the CO burden represents only a few percents, with
outflows and chemical reactions representing important losses.
So, most of the CO emitted over West Africa during spring is
quickly expelled towards the Atlantic Ocean within the AEJ in
the middle troposphere and, both westwards and eastwards in the
upper troposphere via SWJ and TEJ, respectively. At present, it
is well known that African biomass burning affects Asian and
South American chemical budget, and conversely Africa is sub-
ject to pollutants coming from neighbouring regions and even

from other continents, as suggested by the qualitative importance
of the CO inflow. The mechanisms of these global exports and
their quantitative impact to the seasonal and annual scales are
now being considered with the CTM/assimilation system pre-
sented here.
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