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Abstract

We present two applications of adjoint modelling with the objective of diagnosing and simulating air pollution in an urban
atmosphere. The concerned city is Paris and its surroundings. The first application is the sensitivity of an afternoon ozone peak to
anthropogenic emissions and reaction rates. We show in particular the diurnal profile of sensitivity. Despite the paper being mostly
methodological, some interesting results come out: we show that (i) the ozone peak is mostly sensitive to morning solvent releases
and traffic emissions, and (ii) that only a few reactions are sensitive although the chemical mechanism used is fairly complete. The
other application is inverse modelling of the ozone concentrations at the boundaries of the region considered. We demonstrate
that the boundary concentrations are in good agreement with independent airborne measurements. 2000 Published by Elsevier
Science Ltd.

1. Introduction

In many instances in environmental sciences it is
desirable to estimate the sensitivity of some physical
time-evolving variables with respect to related para-
meters. Such is the case, for instance, for estimating the
sensitivity of atmospheric pollutant concentrations to the
anthropogenic emissions. The problem is made difficult
by the strongly nonlinear relationship between them,
involving chemistry and transport. The classical
approach to sensitivity problems consists in performing
“twin simulations” experiments, when one parameter is
varied at a time. The problem then becomes compu-
tationally intractable when one needs to estimate the sen-
sitivity to tens or hundreds of parameters at the same
time, for instance for estimating the sensitivity of a sin-
gle-location concentration to the spatial-temporal distri-
bution of pollutants.

The recent concept of adjoint modelling, as proposed
by Talagrand and Courtier (1987), offers a very competi-
tive alternative to the “twin simulations” method. It is
based on the calculation of the gradient of the dependent
variable (e.g. the pollutant concentration) with respect to
the independent variable (e.g. the emissions). This
approach, already used for other sensitivity problems
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(Hall et al., 1982; Waelbroeck and Louis, 1995) allows
to estimate the sensitivity to many parameters, at the
same time, but to the price of a few (typically 2–4)
model simulations.

Sensitivity studies are not the only application field of
adjoint modelling. The first application of adjoint models
was for the purpose of data assimilation in weather pre-
diction (Lewis and Derber, 1985; Talagrand and Court-
ier, 1987). In this case, the adjoint model is used to esti-
mate the gradient of a cost function, the misfit between
simulated and observed meteorological variables, with
respect to initial meteorological conditions. This pro-
cedure is called 4D-variational assimilation and is cur-
rently used at the ECMWF for operational medium-
range forecasts.

We present here two applications of adjoint modelling
for urban air pollution over the Paris area. The first appli-
cation is a sensitivity study. We examine how the after-
noon ozone peak is modified by changes in the local
emissions of primary pollutants and by changes in the
rate constants of the photochemical reactions. The
second application is inverse modelling. We attempt to
retrieve the ozone concentrations at the boundaries of
the domain, knowing the ozone and NOx concentrations
within the urban area.

The goal of this article is only methodological and we
attempt to present the variety of possible applications of
adjoint modelling. Among the two applications
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presented here, one has been detailed (sensitivity to
emissions) in Menut et al. (2000), to which the reader
is referred for further details.

In Section 2, we recall the basics about adjoint model-
ling and its use for the two applications considered here.
Section 3 describes shortly the photochemical model. In
Sections 4 and 5, we describe the above applications,
and conclusions follow in Section 6.

2. The basics of adjoint models

Consider a time-evolving physical set of variablesX
whose governing equations are:

dX
dt

5F(X,Y) (1)

whereY is a vector containing a set of parameters, and
F is the (nonlinear) function giving the instantaneous
tendency of the vectorX. As an example,X(t) can con-
tain the set of concentrations of all the pollutants at all
places, andY is the set of primary pollutant emissions.
The sensitivityS of a given scalar functionH(X) of X
at a given timet is given by the gradient

S5=Y(H(X(t))). (2)

In numerical practice, the system of Eq. (1) is time
discretised and takes the form

Xn+15G(Xn,Y) (3)

the time being replaced by indexn. Given a scalar pro-
duct k, l in the parameter space, the gradientS of H(Xm)
with respect toY is such that any infinitesimal pertur-
bation dY of Y creates a perturbationdH(Xm) of H(Xm)
such that

dH(Xm)5kS,dYl (4)

At any timen, the perturbation ofX follows the govern-
ing equation:

dXn+15
∂G
∂X

(Xn,Y)dXn1
∂G
∂Y

(Xn,Y)dY. (5)

Assuming no initial perturbationdX0, one obtains, by
successive replacements of (5), an expression for the
final perturbation∂Xm:

dXm5A·dY. (6)

where A is a matrix composed of successive sums of
iterations of the partial derivatives of the functionG rela-
tive to X andY. Hence

dH(Xm)5
∂H
∂X

A,dY (7)

which can also be written, using the adjunction operation
(*) (the adjunction is identical to the transposition in the

case where the scalar productk, l is the canonical sca-
lar product):

dH(Xm)5KA∗SdHdXD∗
,dYL. (8)

Eq. (8) shows in particular [cf. with Eq. (4)] that

S5A∗S∂H
∂XD∗

. (9)

Integrating backward the adjoint equations of (3) can
numerically solve the solution of Eq. (9): let

d∗Xm5S∂H
∂X

(Xm)D∗

and

d∗Xn−15S∂G
∂X

(Xn−1,Y)D∗
d∗Xn (10)

then the final valued*X0 represents the sensitivity of
H to the initial conditions, and the sensitivityS to the
parameters is given by the final condition of the system:

5
d∗Ym = 0

d∗Yn−1 = d∗Y−n+S∂G
∂Y

(Xn−1,Y)D∗
d∗Xn

S = d∗Y0

. (11)

Thus, in practice, the adjoint model relative to the vari-
ables (10) and the adjoint model relative to the para-
meters (11) are integrated simultaneously, the only for-
mal difference being that sensitivity to parameters is
cumulated.

The integration of the adjoint model (10,11) is, in gen-
eral, more numerically expensive than that of the direct
model, due to the linearisation of the initial system, and
the expansion of, for instance, quadratic terms into two
terms. Nevertheless, the adjoint is far more efficient than
the “twin experiment” method when the number of para-
meters exceeds a few units. Its major drawback is the
underlying assumption that perturbations are infinitesi-
mal. One could not make such assumptions if we wanted
to test, for instance, scenarios of reduction of emissions
by a factor 2.

When concerned with inverse variational problems or
data assimilation, the question is generally to minimise
a “cost” function, or “misfit” function between modelled
and observed values. In such a case, one uses an iterative
optimiser, which requires, at each step, the knowledge
of both the scalar cost function and its gradient. The
adjoint formulation (see also Talagrand and Courtier,
1987) is then used in a similar manner as above.
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3. The photochemical model

The purpose of this article is not to present a new
photochemical model, but to focus on the application of
adjoint methodology, hence only a short description is
given here, see Vautard et al. (1997) and Menut et al.
(2000) for more details. The model, called CHIMERE,
is an extremely simplified reactive transport model. The
model geometry covers the Ile-de-France area with five
horizontal geographical entities and two layers. The
model contains therefore 10 boxes within which the
average concentration of 68 reactive chemical species is
simulated. The surface layer is 50 m high, while the top
of mixed layer (upper layer) varies with time according
to meteorological conditions and represents the top of
the urban boundary layer Fig. 1.

The physics of the model includes horizontal transport
of species across the boundaries of the boxes, vertical
mixing between the two layers, and entrainment at the
top of the mixed layer. Most of the meteorological data
(wind, temperature, humidity) forcing the model are
given by ECMWF meteorological analysis. The diurnal
evolution of the boundary layer height is calculated from
the time interpolation of the vertical virtual potential
temperature profile as measured by local routine radio-
soundings. Vertical exchange between the surface and
mixed layer is parameterised as a function of vertical
static stability.

The emissions used in the model are specified for
major activities, monthly, weekly and diurnal variations,
moreover VOC emissions are specified for 34 different
classes of VOC compounds. Emissions elaborated com-
bining data from the CITEPA company (CITEPA, 1993),
the EUROTRAC/GENEMIS project (GENEMIS, 1994),
and a published work by Salles et al. (1996) giving typi-
cal diurnal profiles of traffic emissions. Aggregation of
NMVOC emissions into the compounds represented in
the chemical code MELCHIOR (see below) is performed
using a procedure similar to that of Middleton et al.
(1990).

Fig. 1. Schematic representation of the model geometry. The central
“box” is the urban area of the domain.

The chemical mechanism MELCHIOR has been
developed at the Service d’Aeronomie (Lattuati, 1997)
starting from a previous mechanism proposed by Hov et
al. (1985). It contains a classical inorganic part and the
oxidation cycles of 11 primary NMVOCs, similar to that
in the EMEP mechanism (Simpson et al., 1993). It
includes explicit peroxy radical recombinations as well
as formation of nitrates and pernitrates. The mechanism
includes a total set of 195 reactions with 32 photolytic
ones. The photolysis rates are calculated using the radiat-
ive model developed by Isaksen et al. (1977) and
improved by Johnson and Isaksen (1991). Rate con-
stants, absorption cross sections and quantum yields
were recently updated using recommendations given,
respectively, in Atkinson et al. (1997) and Jenkins et
al. (1997).

4. Adjoint modelling for sensitivity studies

This first application consists in determining the sensi-
tivity of the afternoon ozone concentration to emissions
and chemical reaction rates, during a particular smog
episode over Paris. We chose the episode of the 12 July
1994, which is a day during which wind was light (1–
2 m/s), with typical “clean anticyclonic” ozone concen-
trations measured upstream of the urban area (about 60
ppb). Within the urban area and slightly downstream,
ozone concentrations as high as 100–130 ppb were
observed during the afternoon Fig. 2.

The first question we address is how any emission
change would affect the ozone peak value. We therefore
take the scalar functionH=[O3]15h30 and examine the

Fig. 2. The model simulation and the average concentrations of O3

and NO2 observed in the urban area. The model simulates quite well
this episode, with an average peak concentration of about 90 ppb in
the urban area at 15h30 UT, while the average peak observed is about
100 ppb.
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gradient ofH with respect to emissions, which play the
role of the vectorY in Section 2. More specifically, let
us denote byES(x, t) the emission rate (in molec/cm2/s)
of primary speciess at timet, in the ‘box’ x of the model.
This emission value can actually be decomposed into
contributions from six major lumped activities:

ES(x,t)5ETRAF(x,t)·PTRAF(s)

1EDOME(x,t)·PDOME(s)1EISOL(x,t)·PISOL(s) (12)

1EPOWE(x,t)·PPOWE(s)1EOTHE(x,t)·POTHE(s)

1EBIOG(x,t)·PBIOG(s)

where index TRAF stands for traffic, DOME for dom-
estic and small business, ISOL for chemical industry and
solvents, POWE for power production, OTHE for other
anthropogenic sources and BIOG for biogenic emissions.
Using the adjoint model, we calculate the sensitivity
SSECTOR(x, t) to all values ofESECTOR(x, t), which depend
on time and space, but we only display the results forx
being the urban, central area of the domain. The sensi-
tivity S is normalised, in %/%, in such a way that 1%
of increase of the emissions lead toS% of increase of
the ozone peak.

Fig. 3 shows these variations for each sector. The two
major ozone-producing sectors are Solvents (mostly
NMVOC emissions) and Traffic (VOCs and NOx). The
first interesting point is that the solvent sensitivity curve
is maximal near 10 a.m., quite a long time before the
ozone peak. Our interpretation is that NMVOCs emitted
after, say, 12 UT, will not have enough time to react
with OH to produce ozone locally in the urban area.
However these NMVOC emissions will still be available
in the plume of the urban area some time later, even
possibly the next day.

Fig. 3. Time variations of the sensitivity (in %/%) of the ozone afternoon peak to emissions decomposed by activity sectors. See legend in
the figure.

Another interesting feature is that the sensitivity to
traffic emissions becomes negative in the afternoon, just
before the peak itself. Our interpretation is that, in the
afternoon, only the NO traffic emissions can affect ozone
by titration, hence the negative sensitivity. Should one
examine the sensitivity of “Ox” (Ox=O3+NO2) instead of
ozone, the negative part of the sensitivity would vanish
(Menut et al., 2000). Only the morning emissions appear
to contribute to net Ox production.

The nature of the NOx/VOC sensitivity regime for this
particular day was also analyzed in terms of isopleth dia-
grams (Menut et al., 2000). For this particular day, it
was found that the chemical regime was VOC limited,
but this is not a general characteristic of the Paris area.
Other days were found to be NOx limited instead, the
critical parameter being wind speed.

Finally we remark that NOx emissions from power
plants at all times lead to a smaller ozone peak indicating
that ozone formation is indeed, as expected, VOC con-
trolled.

The second question we address is the sensitivity to
chemical reaction rates. In this case, we calculate the
gradient of the ozone peak value with respect to each
chemical reaction rate, taken at each hour of the simul-
ation day. It turns out that among the 200 reactions, only
a few tens display sensitiveness.

We display in Fig. 4 the sensitivity curves for the six
most sensitive reactions. Among them, the most
important ones are the equilibrium between ozone and
NOx. Note that they are almost opposite to each other,
because the reactions are almost at equilibrium. If the
sensitivity of Ox instead of ozone were considered, the
sensitivity of these reactions would be somewhat smaller
since they both conserve Ox. One other very important
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Fig. 4. Sensitivity, in %/%, of the ozone peak to the most important reaction rates in the MELCHIOR mechanism. See legend in the graph. The
nonzero sensitivity shown at 16H00 while the peak occurs at 15H30 is merely due to the linear interpolation of emissions, which are given hourly.

reaction is OH removal by reaction with NO2, which
strongly limits the radical concentration in NOx-rich
areas. Finally, the photolysis of ozone and that of for-
maldehyde are equally sensitive, since they are the main
source of radicals in urban areas (especially the latter
at high VOC concentrations). Finally, the OH attack on
hydrocarbons are also found to be sensitive, particularly
for the most reactive NMVOCs, such aso-xylene, which
represents, in the chemical mechanism, all the aromatic
compounds, and propene which represents all the
alkenes other than ethene.

Sensitivity analysis with respect to reaction rates has
previously been performed by Gao et al. (1996) using
the direct decoupled method (DDM) method and Zang et
al. (1998) using an automatic dierentiation (AD) method.
However, their results only concern daily averaged sen-
sitivities. These studies performed for an urban environ-
ment confirm the broad features of our analysis, in parti-
cular the large importance of formaldehyde photolysis,
NO=x-ozone interconversions and OH attack to NO2

and hydrocarbons.
A logical extension of this work is the combination

of sensitivity analysis results with the actual uncer-
tainties of the chemical rate constants (Gao et al., 1996;
Dechaux et al., 1994; Menut et al., 2000) and, using the
CHIMERE model.

5. Inverse modelling of upstream ozone
concentrations

We now turn to a different application: inverse model-
ling. In this case, the aim is not far from data assimi-
lation: from various observations of the outputs of the

model, one wants to estimate some input variables or
parameters of the system. The major problem in this type
of applications is the underdeterminacy: usually, the
number of observations is much smaller than the number
of parameters one wants to estimate. Another difficulty
comes from the assumption that the model, and all the
other parameters, is “perfect”. If such is not the case, the
inverse modelling could compensate model or parameter
errors in the estimated parameters.

Fig. 5 compares the concentration (inµg/m3) of ozone
from a simulation of the model with the observed aver-
age concentrations measured by seven stations of the
AIRPARIF network in the urban area of the model, dur-
ing the first 15 days of the month of July 1994. In this
simulation, the upstream ozone was kept fixed to the
value of 60 ppb. Around the 4–9 of this month, the
weather was rather windy and cloudy, and the model
overestimates daily concentrations.

We attribute this overestimation to the too high value
of upstream ozone. Indeed, 60 ppb is a typical value of
moderate regional pollution episodes, but the typical
rural concentration during windy and cloudy days at this
period of the year is rather 30–40 ppb. Note also that
the peak observed on 3 July is largely overestimated.
This figure clearly shows the need of a time-dependent
upstream ozone estimation.

In order to fix this problem, we try to estimate the
values of the upstream ozone that the model needs to
correctly simulate the observed concentrations of NO,
NO2 and O3 within the urban central box of the model
in the surface layer. For each day, one value of upstream
ozone is sought by inverse modelling. The procedure
used is variational. The scalar cost function we attempt
to minimise is the misfit between observations of NOx
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Fig. 5. Concentration of ozone, in the urban model box, inµg/m3, observed from AIRPARIF and simulated by the model using fixed upstream
ozone (60 ppb), during the period 1–15 July 1994.

and ozone and simulation of the same species by the
model, weighted by the ozone observed concentration.
Using an iterative quasi-Newton algorithm (which
requires at each step a value for the cost and for the
gradient, hence using the adjoint model), we find the
minimum of the above cost function, and a value of the
upstream ozone is found for each simulated day. Fig. 6
shows, for the same period as in Fig. 5, the simulation
of the urban ozone concentration using the estimated
upstream ozone concentrations. The improvement is
clear with respect to fixed upstream ozone concen-
trations.

This inverse modelling exercise was conducted over
four summer seasons (summer being defined as the July–
August period). From August 1994 on, there were inde-
pendent airborne measurements of ozone by the
MOZAIC (European program of measurement of ozone
and water vapour by commercial aircrafts) program.
These measurements were taken after take-off and
before landing at the Airport of Roissy-Charles-de-
Gaulle, which is located about 30 km from Paris in the
northeast of the Ile-de-France. These independent
measurements were taken to verify the results of inverse
modelling. However, we removed measurements occur-
ring during days when the airport was downstream of
the urban area. On total, 38 days are retained.

From the ozone profiles, we only consider the average
concentration between 150 and 1500 m, which is com-

Fig. 6. Same as Fig. 5, but using the upstream ozone estimated by inverse modelling.

pared to the model-estimated upstream ozone. Fig. 7
shows the scatter plot of estimated vs measured ozone
values. We remark that the correlation is quite high
(0.89), thus validating our inverse modelling approach.
Another interesting point is that there are a significant
number of cases when the upstream ozone is quite high,
with values reaching 90 ppb. This is the case of many
days during the month of August 1995. These days are
typically associated with anticyclonic conditions and

Fig. 7. MOZAIC measurements of upstream ozone against estimated
upstream ozone.
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northeasterly winds. One possibility is that the air par-
ticles have crossed polluted areas such as Northern Eur-
ope during their travel to the target area, allowing ozone
formation before arriving over Paris.

6. Conclusion

In this article, we have presented two original appli-
cations of adjoint modelling, with the objectives of simu-
lating and diagnosing air pollution. The first application
is the sensitivity of photochemical smog to urban emis-
sions and chemical reaction rates. We have calculated,
for a particular rather polluted day, the gradient of the
ozone peak with respect to the diurnal profile of emis-
sions separated into six source categories. We found that,
for this particular day, the ozone peak is essentially
sensitive to traffic and solvent emissions (and about in
the same ratio). Surprisingly, the peak of sensitivity
occurs during morning hours, about 6 h before the ozone
peak. A plausible explanation is the relatively long time
taken for the oxidation of hydrocarbons. Traffic emis-
sions tend to reduce the ozone peak 1–2 h before it
occurs, mostly because only the ozone titration by NO
negatively affects the ozone peak.

The sensitivity to reaction rates is fairly inhomo-
geneous: only a few reactions are sensitive, among
which the photochemical equilibrium between NOx and
ozone, the reaction of NO2 with OH, the photolysis of
ozone and aldehydes and the oxidation of reactive pri-
mary hydrocarbons.

This result calls for a drastic reduction of the chemical
reaction numbers within the context of urban air pol-
lution, and could hint what reactions could really be neg-
lected.

The second application is the inverse modelling of
model boundary conditions. Only the ozone fluxes were
considered. We find in particular that a correct esti-
mation of these fluxes is of crucial importance for a cor-
rect simulation of the ozone concentration in the urban
area. Under fair anticyclonic summer conditions, the
Paris area usually undergoes North-Easterlies, bringing
a continental air mass having possibly crossed highly
polluted areas such as Northern Europe.
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