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Abstract

The emission of volatile organic compounds (VOCs) over western Europe for the year
2005 are estimated via inverse modelling, by assimilation of in situ observations of
concentration and compared to a standard emission inventory. The study focuses on
fifteen VOC species: five aromatics, six alkanes, two alkenes, one alkyne and one bio-
genic diene. The inversion relies on a validated fast adjoint of the chemistry transport
model used to simulate the fate and transport of these VOCs. The assimilated ground-
based measurements over Europe are provided by the European Monitoring and Eval-
uation Programme (EMEP) network. The background emissions errors and the prior
observational errors are estimated by maximum likelihood approaches. The positivity
assumptions on the VOC emission fluxes is pivotal for a successful inversion and this
maximum likelihood approach consistently accounts for the positivity of the fluxes. For
most species, the retrieval leads to a significant reduction of the bias, which underlines
the misfit between the standard inventories and the observed concentrations. The re-
sults are validated through a forecast test and a cross-validation test. It is shown that
the statistically consistent non-Gaussian approach based on a reliable estimation of the
errors offers the best performance. The efficiency in correcting the inventory depends
on the lifetime of the VOC:s. In particular, it is shown that the use of in-situ observations
using a sparse monitoring network to estimate emissions of isoprene is inadequate
because its short chemical lifetime significantly limits the spatial radius of influence of
the monitoring data. For species with longer lifetime (a few days), successful, albeit
partial, emission corrections can reach regions hundreds of kilometres away from the
stations. Domainwide corrections of the emissions inventories of some VOCs are sig-
nificant, with underestimations on order of a factor of two of propane, ethane, ethylene
and acetylene.
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1 Introduction

Volatile organic compounds (VOCs) are of particular environmental concern because
they are precursors of secondary pollutants, such as ozone and fine particulate matter
(PM, 5), and some VOCs are pollutants in their own right due to their adverse carcino-
genic and/or non-carcinogenic health effects. Therefore, it is essential to have accurate
emission inventories of VOCs to conduct air quality modelling studies for the devel-
opment of optimal emission control strategies and for air quality forecasting as well
as to follow their temporal emission trends over the years as emission control strate-
gies get implemented. The large number of emission sources, both anthropogenic and
biogenic, and processes leading to those emissions (combustion, evaporation, vegeta-
tion metabolism) make the development of accurate VOC emission inventories difficult.
Furthermore, VOC emissions cannot be derived from mass balances and they must be
obtained from experimental measurements conducted at the source of the emissions.
Also, emission testing is costly and some emission factors are developed for total VOCs
rather than for individual VOCs. Therefore, a chemical speciation must be applied to
total VOC emission factors using speciation data that are limited and uncertain. Al-
though uncertainties in anthropogenic emissions have been reduced over the years as
a result of better characterisation of major emission sources, uncertainties still remain.
Furthermore, large uncertainties are associated with biogenic emissions due to the
difficulty of estimating the meteorology-dependent emission rates for a large number
of vegetation species as well as characterising the land-use/land-cover of the area of
interest. Therefore, several approaches have been used to evaluate the accuracy of
VOC emission inventories and, if appropriate, apply some correction.

Uncertainties in emission inventories have been estimated, for example, by com-
paring ambient air measurements in tunnels with vehicle exhaust emission estimates
(e.g., Staehelin et al., 1998; Sawyer et al., 2000; Touaty and Bonsang, 2000; Stemm-
ler et al., 2005; Ho et al., 2007). However, such experiments characterise only one
source category (on-road traffic) and focus on a single location and time period.
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Satellite measurements have been used to assess VOC emissions, but such tech-
niques are limited by the number of VOCs that can be measured via satellite-borne in-
struments (Vijayaraghavan et al., 2008) and to areas that are specific to a major source
category, e.g., the use of formaldehyde (an oxidation product of isoprene) to estimate
isoprene emissions in remote areas where biogenic emissions dominate (e.g., Shim
et al., 2005; Fu et al., 2007; Millet et al., 2008; Dufour et al., 2009). Measurements of
VOC concentrations aloft have also been used to estimate fluxes of VOCs originating
from an area (e.g., Hopkins et al., 2009); however, there are uncertainties associated
with the mass balance method used to estimate the atmospheric transport flux and
relate it to an emission flux. Furthermore, such an approach is limited to the estimation
of an emission flux for a given region over a given period. Comparisons of the out-
put concentrations of air quality model simulations with observations aloft (e.g., Xiao
et al., 2008) or at ground level (e.g., Harley and Cass, 1995) provide some estimates
of uncertainties in VOC emissions; however, such information is typically also limited
to a specific region and period for which those measurements are available. Inverse
modelling has been conducted using ground-level ambient concentrations to estimate
emission inventories for some air pollutants, but such studies (e.g., Quélo et al., 2005;
Elbern et al., 2007; Koohkan and Bocquet, 2012) have focused so far on regulated air
pollutants with ambient concentration data available from routine monitoring networks
and have not yet included VOCs.

It is, therefore, of great interest to investigate the current status of VOC emissions
using an approach that provides information for several major VOCs with spatial distri-
bution over a large domain and for a long period of time. To that end, we present here
the first assessment of the emissions of several VOCs measured routinely at several
remote sites, that covers all VOC sources over western and central Europe for an entire
year.

In Sect. 2, the chemical transport model (CTM) used for modelling the VOCs is in-
troduced and its reduced counterpart is described. The source-receptor relationship is
built using an approximate adjoint model which is validated. The control variables (i.e.,
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the emission fluxes), and the inversion modelling method are described. The method
to estimate the so-called hyperparameters that parametrise the prior error statistics is
introduced. In Sect. 3, the setup of the numerical experiments is described. Details
about the observations set and the first guess inventory are provided. The optimal val-
ues of the hyperparameters to be used in the inversions are computed. In Sect. 4,
the results of the inversions are presented and discussed. A forecast test and a cross-
validation test are provided to validate the corrected emission fluxes using independent
observations. Conclusions are presented in Sect. 5.

2 Methodology
2.1 Full chemical transport model and reduced VOC model

The chemical transport model (CTM) POLAIR3D (Sartelet et al., 2007) of the POLYPHE-
MUS air quality modelling system (Mallet et al., 2007) is chosen to model the atmo-
spheric concentrations of chemical species. The numerical discretisation of the model
for chemistry and transport, based on a first order time splitting algorithm, can be sum-
marised as follows:

k! = X, (Mi(c")) + At ey, (1)

where,
— ¢” is the field of the concentrations of all simulated species at time step k.

— M, is the linear advection-diffusion operator. It also includes the deposition pro-
cesses.

- A, is the chemical reaction operator

- e, is the emission field at time step k.
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Table 1 lists the fifteen VOC species for which experimental measurements are avail-
able from the European Monitoring and Evaluation Programme (EMEP) database.
In order to simulate the concentrations of these species, the RACM 2 (Regional At-
mospheric Chemistry Mechanism, version 2) chemical kinetic mechanism (Goliff and
Stockwell, 2008) is used within the CTM (Kim et al., 2009). The chemical reactions con-
sidered for these species and their typical lifetime are presented in Table 1. After un-
dergoing oxidation reactions, these fifteen primary species result in secondary species.
The latter are not presented in Table 1 because they are not relevant to our study: they
are not measured in the EMEP network and, therefore, cannot be assimilated; they
are, however, included in RACM 2 either explicitly or via surrogate species. Some of
the primary VOC species (isoprene, acetylene, ethane, ethylene, benzene) are treated
explicitly in RACM 2. The others are represented through a lumped molecule approach
and, therefore, need a specific treatment to be followed separately. They are added as
explicit species with their own oxidation reactions written in a way that does not affect
RACM 2.

This chemical mechanism involves more than three hundred reactions that result
in nonlinear interactions among the chemical species. As a result, computational bur-
den of inverse modelling studies is very large. To address this issue, we developed
a reduced chemical mechanism, denoted X,, which uses the concentration fields
of the oxidants, hydroxyl radicals (OH), ozone (O3) and nitrate radicals (NO3), pro-
vided as external data. The oxidant concentration fields are pre-computed with RACM
2 and used later in the reduced mechanism. This approximation makes sense if
5(Pk(0k) = A’k(ck) —Xk(ck) is small with respect to Xk(ck). The validation of this ap-
proximations is checked a posteriori in Sect. 4.1.1. When replacing X, by X,, Eq. (1)
becomes linear with respect to the emission fields and the computational cost of in-
verse modelling becomes manageable.
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2.2 The source receptor model

The source-receptor model provides the relationship between the emissions and the
observations. For species s, this can be written as follows:

U =H’e*+A°+¢€° (2)

where u° e R% represents the vector of the observations (d, is the number of ob-
servations for species s). H® is the Jacobian operator with respect to e° and e° =
(e5.€5,-.-.€;,.. .efvt) e RE defines the hourly and spatially discretised emission vec-
tor, where £ = N; x N, x N, x N,. N, is the total number of time steps, and N,, N, N,

are the total number of elements (grid cells) in the x, y and z directions. A° € R% is
the vector of the concentrations induced by the initial and the boundary conditions for
species s. u*'* is the observation of species s at time t, at station /, Af‘k is the con-
centration at the same time and location, computed with the full CTM, i.e., Eq. (1), with
e® = 0. The vector e° represents the errors: representativeness error, model error and
instrumental error of the observations.

The Jacobian operator H° can be built following two different methods. The first
method consists in using the CTM. Let us assume that e° = 6, nx is the unity source
at the surface coordinate / € [1;N, x N, ], altitude h € [1;N,] and time k' € [1;N,], and
equals zero anywhere else. The CTM simulated concentration for clean air boundary

and initial conditions at time ¢, and station / with this source term is stored in HIS‘/';k"k. In

order to compute the H° operator with this method, the CTM model needs to be run £
times, which is computationally intensive. That is why this method is usually restricted
to point-wise emission sources.

The second method consists in using the adjoint model of the CTM (e.g., Roustan
and Bocquet, 2006). For a monitoring site / at time t,, using the linearity of the CTM
for the VOCs, the adjoint solution can be written as follows:

=M (x*k(qb,k +1 )) + Atm (3)
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where, 7[2 = 8, is the sampling function that represents the concentration measure-
ment at station / and time ¢, X}L( is the adjoint of X, and M}r( is the adjoint of M. At the

final time N, q);v’ is chosen to be 0. The adjoint model is also computed for clean air

boundary conditions. Then, the Jacobian matrix is given by Hf’;;""k. The adjoint model

is run d times (d < . d,). This method is of great interest to reduce the computa-
tional time when the problem is ill-posed (d <« E). It is appropriate for estimating the
emissions originating from spatially distributed sources.

The Jacobian matrix of the present study is computed row by row, that is using adjoint
solutions.

2.3 Control space

In order to reduce the dimension of the control space, that is the space of the fluxes
to be estimated via inverse modelling, we introduce a relation between the effective
control variables a® and the emission e°:

(51, = [@°1[e5"), 1. (4)

In this equation, e’ is the a priori (first guess or background) vector of emission for
species s. Obviously the first guess value of the scaling factors a’is az =1,where1 =

(1,...,1)T. Indices k,/, h are respectively related to the time sequence, the horizontal
space grid, and the vertical grid. The a’ factors, rather than the full 3-D time-dependent
emission fields of Eq. (1), will be optimised. This choice of control parameters, which
is only a function of /, implies that the correction of the emission fluxes is spatially
distributed in the horizontal directions but that the vertical and the temporal distribution
of the emission fluxes are not modified by the data assimilation analysis.
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2.4 Inversion method

Combining Eq. (2) with Eq. (4), one obtains
u’=H°a*+2A°+¢° (5)
where H® is the Jacobian matrix that relates u° to a®:

HY = > [k 1le;"). (6)
k

In order to optimise the a parameters, the following objective function with a regulari-
sation term is used:

Lya®) = % (u° -H°a® - ,IS)TR;1 (us—H°a®-2°)

+5 (@ -1)7B;" (@°-1). @)
The vector az =1= (1,...,1)T is the first guess of a®. R, is the observation error
covariance matrix. B is the background error covariance matrix. For each species,
these two matrices are both chosen to be diagonal with uniform variances, that is,
B, = miINxxNy, R; = rglds. These statistical assumptions imply that we neglect any spa-
tial and temporal correlations between grid cells in the errors. The anthropogenic emis-
sions of VOCs are not expected to induce long-range correlation in the errors. However,
potential important reasons for this hypothesis to fail are when the biogenic VOC emis-
sions have correlated errors due for some VOCs common sources and similar emission
model formulations, or when transport model errors induce temporal correlation in the
error covariance matrix. That is why our diagonal assumption is an approximation.
In the following, two solutions of Eq. (7) are considered and compared. The first one
assumes that the errors are Gaussian-distributed and the analysed parameters a, are
given by the Best Linear Unbiased Estimator (BLUE):

as=1+K°(u’ - H*1-2°) (8)
33227
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where K°® is the gain matrix:
-1
KS = B,HST (Rs + HSBSHST) 9)

The second solution of Eq. (7) is obtained assuming a truncated Gaussian distribution
for the background error statistics, so that @ is optimised under a positivity constraint
of each one of its entry [@®],. As opposed to the Gaussian case, the retrieved scaling
factors [as], cannot be negative.

2.5 Estimation of hyperparameters

The parameters of the prior statistics, such as rg and my, usually coined hyperparam-
eters, often need to be estimated because their first guess is usually inaccurate, while
the dependence of the retrieval on the hyperparameters can be dramatic (Davoine and
Bocquet, 2007).

The estimation method for the hyperparameters depends on the statistical assump-
tions underlying Eq. (7). In the first case, the error €° (in Eq. 5) is assumed to be
Gaussian-distributed, e° ~ N (0,R;). The same assumption applies to the control pa-
rameters: a@® ~ N (1,B;). The probability density function (pdf) of the observation vector
can be computed as follows:

pSlre, my) = / p|a®, rs m)p(@lrg, my)da® = / p(ed)r)p(as|m;)da® (10)

or analytically,
_%(”S—H51—AS)T(RS+HSBSHST)"1 (U°-H*1-2°%)
p(|rg,mg) = ) (11)
\@O%IR, + HBHS|

This pdf is also proportional to the likelihood of ry and mg. In order to estimate the hy-
perparameters ry and mg, Desroziers and Ivanov (2001) suggested an iterative method
33228
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to converge towards a fixed point. Chapnik et al. (2006) showed that this approach con-
verges to one local maximum of the likelihood. The maximisation of log (p(us|rs,ms))
with respect to the two hyperparameters gives the stationary conditions:

2 2
,_lw-wailf  , jai-1]
s = ’ s —

Tr (Ids - HSKS) Tr(H°K*)

where || - || is the Euclidean norm.

However, the Desroziers method relies on Gaussian assumptions, and, for the sake
of consistency, one needs another approach to compute the likelihood under the trun-
cated Gaussian assumption (Winiarek et al., 2012). In this case, the prior on the scaling
factors is:

(12)

e—%(as—1)TB;1(as—1)

p(a®) = las20 (13)
VEem B (1- 1 6,0)

where CD1,BS(0) is the Gaussian cumulative density function (cdf) of ' (1,By). llgssq is
a function equal to unity when [@°], > 0 for each /, and equal to zero otherwise. This
pdf is referred to as N (1,Bg,0) or the truncated Gaussian distribution. From Eq. (10)
and Eq. (13), one can derive:

T,-
e—%(uS—HS1—AS)T(RS+HSBSHS )~ (s -H51-25)

p(us|ry,mt) =

\@D%IR, + HBHST|

[ oo o 2@ -1 (P5) (@)

(@m)"M|By (1 - Py 5,(0))

(14)

where r; and m; refer respectively to the standard deviation of the error and of the
emission noise (departure of the surface fluxes from their a priori values) according to
33229
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the truncated Gaussian distribution. P2 is the a posteriori error covariance matrix of the
control variables of the Gaussian case,

Pi =B, (I- K°H%) . (15)

Even though it is of formal use in the truncated Gaussian case, Pz is not the error
covariance matrix of the truncated Gaussian case. A mathematical hardship is that
Eq. (15) requires the computation of a 1,768-dimensional (N, x N,) integral over the
positive cone. To overcome this difficulty, we resort to the sampling technique used by
Winiarek et al. (2012).

3 Setup of the numerical experiments
3.1 Observations

The in situ observations used in this study are extracted from the EMEP database
(http://www.nilu.no/projects/ccc/emepdata.html). The EMEP monitoring network cov-
ers most of Europe. Eleven stations of western Europe are used in this study, resulting
in a rather sparse network. These stations measure the concentrations of fourteen dif-
ferent VOCs. Note that the m-xylene and p-xylene are combined in a lumped mp-xylene
category. The observations are from 11 January 2005 to 29 December 2005.

Table 2 gives the number of observations used in the inversion per species and per
station, for a total of 18675 observations from 11 stations. A forecast test will also
be performed using 19 746 observations of the year 2006. The VOC station Kollumer-
waard, in the Netherlands (code NLOOO9R), does not provide any observation in 2005.
However, this station provides 26 732 observations in 2006, and they will be used for
cross-validation. The locations of the EMEP sampling stations for VOCs are shown in
Fig. 1.
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3.2 Inversion and validation setup

Two simulation periods are considered. The first one is the the assimilation time window
of the study, from January 11 to December 29, 2005. The second one is the subsequent
validation of the inversion results and corresponds to the whole year 2006.

The simulation domain over western Europe extends between [40° N;8° W] (the left
bottom corner) and [57° N;18° E] (the right top corner). The grid resolution is 0.5° x 0.5°.
Nine levels are considered above the surface: 50, 250, 600, 1000, 1500, 2100, 2800,
3600 and 4500ma.g.l. The control space discretisation follows the simulation grid,
with N, = 52 and N, = 34. As a result, the number of control variable [@®], used in the
inversion for each species s, is 1.768.

The meteorological data are generated from the re-analysis fields of the European
Centre for Medium Range Weather Forecast (ECMWF), delivered in 60 vertical levels
and every 3 h, with a horizontal resolution of 0.36° x 0.36°.

For anthropogenic emissions, the background emissions over the whole domain are
provided by the EMEP inventory for the years 2005 and 2006 (Tarrason et al., 2007;
Fagerli et al., 2008). The disaggregation of the EMEP NMVOC emissions among the
many VOC species simulated in the CTM is performed following Passant (2002).

The anthropogenic emissions of EMEP have a resolution of 0.5° x 0.5°. These emis-
sions are modulated in time with the help of the hourly, weekly and monthly distribution
coefficients, provided by the GENEMIS project (GENEMIS, 1994). The biogenic emis-
sions of isoprene are also taken into account using the model proposed by Simpson
et al. (1999). All these emissions are used as a first guess, eb, in the data assimilation
experiments.

The initial and boundary conditions concentration fields are obtained from the global
chemistry transport model MOZART 2 (Horowitz et al., 2003). Since the species we
are interested in are not all explicitly present in MOZART 2, the values for the VOCs
not included in MOZART 2 were inferred from the concentration fields of some species
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present in MOZART 2. The factors applied for this inference are given in Table 3 (see
Rudolph and Ehhalt, 1981; Rudolph and Johnen, 1990; Penkett et al., 1993).

3.3 Verification of the adjoint solutions

In order to generate the adjoint solutions at a low computational cost, we have used
an approximate adjoint model, following the construction of Bocquet (2005). Moreover,
we have assumed the lifetime of the species within the domain to be less than 10
days. After 10 days, the VOCs are assumed to be out of the domain or consumed by
chemical reactions, so that the sensitivity of the concentrations within the domain to
the emissions is negligible.

In order to check these approximations, the concentration fields from the adjoint
model, obtained from the contribution of the source (Ha when a = 1), were compared
with the concentration fields from the direct simulation (for e = eb, the EMEP inven-
tory first-guess, with clean air boundary and initial conditions). This is the so-called
duality test (Davoine and Bocquet, 2007). The correlation between both computations,
averaged over the 14 species, is 0.994. The normalised root mean square difference
between both computations, averaged over the 14 species, is 3 x 1073,

Figure 2 shows the comparison between the source contribution estimated with the
forward model and with the adjoint model. These results indicate that the adjoint model
is accurate enough for our inverse modelling purpose.

3.4 Values of the hyperparameters

In the Gaussian case, the optimal values of the hyperparameters r, and m; are ob-
tained by value screening of the pdf Eq. (11). Their optimal values are reported in
Table 4 for each species. As an example, Fig. 3 displays p(u°|rs, m;) for the species
NBUT. The coordinates are normalised with respect to the values of the hyperparame-
ters obtained from the fixed-point solutions of Eqg. (12). It can be seen that the optimal
value of the likelihood Eq. (11) is equal to the result of the fixed-point method.
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A comparison between the likelihoods Eq. (11) and Eq. (14) is also shown in Table 4.
The optimal value of r; and m; computed with Eq. (14) are obviously different from
ry and m,. Remarkably r; is always larger than r,. Indeed, the Gaussian assumption
inversion incorrectly interprets part of the noise within the observations as useful infor-
mation, while the positivity constraint of the truncated Gaussian assumption offers less
flexibility. Therefore, the inversion based on Gaussian assumptions underestimates the
errors’ magnitude. The comparison between m; and m; is of less relevance because
the two parameters do not represent the same statistical information within the Gaus-
sian or truncated Gaussian assumptions.

As an example, Fig. 4 displays the likelihood of the hyperparameters for ethane in
the truncated Gaussian case. Again, the variables are normalised with respect to the
values obtained from the Desroziers method.

4 Inversion results

Four types of simulations conducted for the year 2005 are reported here:

— In case A, the VOC concentrations are simulated using the EMEP inventories,
e, = ef in Eq. (1). This is a free run serving as a reference since the observations
are not assimilated.

— In cases B1 and B2, the concentrations are simulated using the emissions ob-
tained from Eq. (4). The scaling factors a® used in this equation, are obtained by
the minimisation of Eq. (7). The L-BFGS-B optimisation tool (Byrd et al., 1995) is
used under the constraints that a® >0 (case B2). In case B1, we merely use
the BLUE matrix formula, Eq. (8), for the estimator of a®. However, it is as-
sumed in both cases that the errors are essentially Gaussian, so that the hy-
perparameters used in the inversion are computed with the Gaussian likelihood
following Sect. 2.5. Because the statistical assumptions are different in the esti-
mation of the fluxes and the estimation of the hyperparameters, this may lead to
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inconsistencies. However, the fact that the r* and r hyperparameters are not too
different proves that these inconsistencies are small. Yet, by construction, case
B1 can lead to negative emission fluxes. This may be considered unphysical but
it might have some potential use for air quality forecast.

We have also considered a third case B3, that takes the results of B2 and artifi-
cially sets all negative values to zero. However, we found that because it is not a
minimum of Eq. (7), it leads to a poorly performing estimation. Therefore, case B3
uses ruled out and is not reported here.

— Case C is similar to case B2 except that the hyperparameters are obtained using
the truncated Gaussian likelihood, following Sect. 2.5. In this case the estimation
of the emission fluxes and the estimation of the hyperparameters are statistically
fully consistent.

4.1 Analysis of the inversion results
4.1.1 A posteriori verification of the model linearisation

In the full CTM, which is used in the present study, the chemical kinetics of the reactions
can be written as follows:

oX
sz(mg

+-1))(«» (16)

where 6X(c) denotes the variation of the VOC concentrations field with respect to the
variation of the oxidant concentration field. Until now, we assumed that 6X(c) <« X(c),
and that the reduced model was linear. In order to check that hypothesis, the a pri-
ori and the a posteriori oxidant concentration fields are compared. Figure 5 shows
the comparison of the concentration fields of OH before and after data assimilation
(case B2). Each point in the figure denotes the average concentration of OH over
the spatial domain for a 2-hour period. The mean value of the concentrations is of
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5.51x107° Hg m~° for the a priori fields and 5.02x107° Hg m~° for the a posteriori fields.
For the species NO5 and Oj, the average values of the a priori concentrations are
0.0147pg m~ and 87.73 Mg m™3 respectively. They are 0.0131 g m~ and 88.73ug m™°
for the a posteriori concentrations. The Pearson correlation between the a priori and
a posteriori concentration fields is about 1.00. Furthermore, an examination of the a
posteriori VOC concentration fields shows that the results obtained with the reduced
linear model are very close to those obtained with the complete model. The relative
bias between the two sets of concentrations for all of the VOC species and over the
entire spatial domain is 1% for the year 2005 and the correlation is 1.00. Therefore,
since the oxidant concentration fields are little affected by the VOC data assimilation,
we consider that the hypothesis that the reduced model is about linear is verified.

4.1.2 Comparison to the observations

The four runs A, B1, B2 and C are compared with the observations of the analysis
period (year 2005). Statistical indicators for this comparison are reported in Table 5.
For most species the bias between the concentrations and the observations decreases
with data assimilation, except when the mean of the simulation is already close to the
measurement mean. The root mean square errors (RMSEs) and the normalised mean
square errors (NMSEs) are systematically improved in the re-analysis runs, which is
consistent with the fact that our inversion scheme minimises the quadratic error. For
all species, except ACE, the Pearson correlation coefficients R, FA, and FAg are re-
markably improved in the re-analyses. Note that FA, is the fraction of the simulated
concentrations within a factor x of the corresponding observations. In the very few
cases where an indicator is not improved, other indicators are improved. The decrease
of the correlation in the ACE case is due to a very large bias, which is compensated by
a very significant improvement of the other indicators, starting with the bias.
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Considering all species (14) and all statistical indicators (6) together, we have
counted how often the forecast runs B1, B2 and C beat the free run A: 81 times out of
84 in case B1; 80 times out of 84 in case B2; and 79 times out of 84 in case C.

The fact that run B1 is slightly closer to the observations than B2 and C is consistent
with the fact that optimisation on which B1 relies is less constrained than that of B2
or C (emission fluxes can be negative in case B1). Yet, it does not prove that method
B1 is better than method B2 or C, since a comparison with the (already assimilated)
observations is merely a check of consistency, not a validation.

4.1.3 Estimated inventories

The total emitted mass of the EMEP inventories for the fifteen species are compared
with the a posteriori emissions obtained from data assimilation following Gaussian as-
sumption (B1/B2) and truncated Gaussian assumption (C). The results are reported
in Table 6. Caution must be used on the interpretation of the results of the statistically
consistent Gaussian case B1 since fluxes are allowed to be negative in this case (e.qg.
isoprene emissions).

The results of case B2 and case C indicate that the EMEP inventories may un-
derestimate the true emissions for C5Hg, IBUT, IPEN, C3Hg, ACE, C,Hg, CoH,, and
BEN. They may overestimate the true emissions for the other VOC species. For all the
species, the total mass obtained from the inversion based on the truncated Gaussian
assumption (C case) is between the EMEP inventory and the total mass estimated
from the Gaussian assumption (case B2). Comparison between cases A and C shows
a strong correction for C3Hg, ACE, C,Hg, and C,H,. It is less than 20 % for NBUT,
NPEN, IPEN, TOLU, OXYL and MXYL. Figure 6 presents the ratio between the cor-
rection of the emission (i.e., the total posterior emission minus the total prior EMEP
emissions) and the total prior emission for the Gaussian cases (B1 and B2) and the
truncated Gaussian case (C).
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4.1.4 Spatial distribution

The spatial extent of the corrections from the EMEP network depends on the nature
of the species. As an example, Fig. 7 displays the spatial ratio between the posterior
emissions and the prior EMEP emissions for the species C,Hg (with an average lifetime
of about 60 days), IPEN (with an average lifetime of 4 days), OXYL (with a lifetime of
about 1.1 days), and ISO (with an average lifetime of 1.7 h), respectively. Obviously, the
corrections extend much farther from the monitoring stations for the long-lived species,
such as C,Hg and IPEN than for the short-lived species.

As can be seen, with the B2 approach based on a Gaussian estimation of the prior
errors, the magnitude of the corrections is significantly higher than when using the fully
consistent non-Gaussian approach C. One way to put it is that, with the Gaussian as-
sumption, part of the error (noise) is mis-interpreted as valuable information (signal), so
that the Gaussian assumption leads to over-corrections. A similar phenomenon was put
forward by Koohkan and Bocquet (2012) in the inversion of carbon monoxide emission
fluxes: the proper identification of representativeness errors leads to smaller correc-
tions of the emission fluxes.

Several studies have performed inverse modelling study of isoprene emissions over
Europe. To do so, they assimilate satellite observations of formaldehyde (e.g. Curci
et al., 2010; Dufour et al., 2009). Specifically, they exploit the observations of SCIA-
MACHY (instrument operating onboard the sunsynchronous Envisat satellite) with a
resolution of 30 x 60 km?. The study of Curci et al. (2010) shows an increase of about
5% for the MEGAN (Guenther et al., 2006) emissions. Our results show that the emis-
sion of isoprene decreases by about 24 % in case B2 and by 13 % in case C for the
emissions obtained from Simpson et al. (1999). This discrepancy is explained in part by
the fact that the emission inventories of isoprene by Simpson et al. (1999) and MEGAN
differ significantly (Bessagnet et al., 2008; Sartelet et al., 2012) with the former leading
to greater isoprene emissions on average over Europe by a factor of about 2.5 (Sartelet
et al., 2012). This discrepancy is also explained by the very short lifetime of isoprene
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(1—2h). Assimilation of in-situ observations are inoperative because the information is
not spread far enough by the model, because its transport representation becomes
of minor interest. Our results are only valid near the five stations measuring isoprene.
On the contrary, satellite observations are well-suited for this short-lived species as
remote sensing offers an (indirect) spatially well-resolved snapshot of the concentra-
tions. In addition, the errors made by approximate adjoint model (or automatic adjoint
up to some numerical precision) are larger for short-lived species (Bocquet, 2012). As
a consequence, the case of isoprene in this study is somehow singular because its
lifetime is too short. Nevertheless, most results of isoprene are given in this study for
the sake of comparison, and to document the inadequacy of the in situ observations
for regional inverse modelling in such a case.

4.2 Forecast test

In order to test and possibly validate the corrected inventory obtained from inverse
modelling, one needs observations that have not been assimilated. One stringent test
is to perform a forecast using the corrected inventory over a period of time different from
the data assimilation window, assuming some time persistence of the VOC inventories.

Four inventories are generated with Eq. (4), using the background EMEP emission
ez, or az =1 (case A), and the scaling factors of cases B1, B2 and C. In each case, a
forecast is performed for the year 2006. These simulations are then compared with the
independent observations of year 2006.

Note that because some of the fluxes retrieved in case B1 are negative, and because
numerical schemes of CTMs often rely on the positivity of the concentrations, we had
to circumvent the difficulty. One solution consists in decomposing the scaling factors
into a positive part and a negative part: @° = @ + @’ so that, invoking the linearity of
physics, the concentrations are given by H*(a®) = H*(a$) - H®(-a?®).

The statistical indicators are reported in Table 7. The results indicate that, for most
species, the scores are improved using the retrieved scaling factors of case B2 and
case C, whereas they are degraded in case B1. Considering all species and all
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statistical indicators together, we have counted how often the forecast runs B1, B2
and C beat the free run A: 41 times out of 84 in case B1; 69 times out of 84 in case B2;
and 77 times out of 84 in case C.

The fully-consistent truncated Gaussian approach C performs best and beats the
Gaussian-based but positively constrained approach B2. Both positively constrained
approaches beats the fully consistently Gaussian approach B1. Since B1 partially leads
to unphysical negative fluxes, this could have been expected. However, as was shown
by Bocquet (2012), an unconstrained optimisation of parameters that are allowed to
take unphysical values may sometimes lead to valuable better forecasts because it
compensates for other sources of model error. Obviously, this is not the case here.

According to Table 7, an improvement of all the scores can be seen for C3Hg, NBUT,
NPEN, C5Hg, C,Hg, CoH, and BEN using the optimal scaling factors. However, the bias
is increased for OXYL (in case B2), MPXYL (in cases B2 and C) and ISO (in case B2),
using the corrected emissions. Despite that degraded bias, the other indicators are im-
proved. For IBUT, the RMSE is increased in case B2, and the correlation is decreased
in cases B2 and C. The statistical indicators show that the RMSE increases for IPEN
using the corrected emissions. For that species, the Pearson correlation coefficient is
also deteriorated in case B2. For TOLU, the bias, NMSE and FA; are degraded using
scaling factors. The RMSE is also increased in case B2. The scores also show that a
decrease of the Pearson correlation coefficient for ACE, using the corrected emissions.

4.3 Cross-validation test

Since the EMEP Netherlands VOC station Kollumerwaard does not provide any obser-
vation for the year 2005, that station is not included in the list of stations used for the
analysis of 2005. Yet, for the year 2006, eleven out of fourteen VOCs were measured
at Kollumerwaard, excluding NBUT, ACE and C,Hg. Kollumerwaard is located far from
the other stations whose observations lead to the corrections in the emission invento-
ries. Therefore, we do not expect the simulated concentrations of the VOC with a short
lifetime, at this station, to be very sensitive to the correction of the emissions. Indeed,
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as shown in Table 8, the scores obtained from the comparison of the simulated con-
centrations in case A of ISO (lifetime of about 1.7 h) with the measurements are similar
to those obtained from the comparison of the concentrations in case B and C with the
observations.

For species with a longer lifetime (about one day or two), for C3Hg (lifetime of 15h),
OXYL (lifetime of about 25-26 h), MPXYL (lifetime of about 14-25h) and TOLU (life-
time of 2.4 days), the corrections of the inventories are more spread over the domain.
The scores indicate that the results in case C are in a better agreement with the ob-
servations. The results also show that for the species with a lifetime between 4 to 7
days (IBUT, NPEN, and IPEN), the scores are deteriorated. It is likely that the correc-
tions performed close to the Kollumerwaard station, are not reliable enough. For the
species with a lifetime longer than 10 days (CzHg and BEN), the scores are remarkably
improved. The emission inventories of C3Hg are corrected almost all over the domain.

Considering all species and all statistical indicators together, we have counted how
often the forecast runs B2 and C beat the free run A at the Kollumerwaard station: 34
times out of 66 in case B2; and 43 times out of 66 in case C. The use of the corrected
emission from case C has a positive impact on the forecast at the station, even though
the station is far away from the other stations whose observations were assimilated.

4.4 Information content and DFS

The degrees of freedom for the signal (DFS) is a metric that is representative of the
fraction of the observations effectively used in the inversion to retrieve the source
(Koohkan et al., 2012). A better data assimilation system can either lead to an in-
crease of the DFS when the observations are better used by the system, or lead to a
decrease of the DFS if the system better diagnoses the errors and correctly identifies
more noise in the observations (Koohkan and Bocquet, 2012). Therefore, a compari-
son of DFS from two data assimilation systems relying on different assumptions is not
straightforward. However, a comparison between DFS of different species for the same
data assimilation system is of simpler interpretation. The DFS for each species is given
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by:
DFS, = E[(a*-1)"B;" (@*-1)] . (17)

The ratios between DFS; and L (see Eq.(7)) are reported in Table 9 for cases B1, B2,
and C. For all species, the ratio is greater for B1. Indeed, by permitting negative fluxes,
the data assimilation system is incorrectly interpreting degrees of freedom for the noise
as DFS. As for the positively constrained inversions, for almost all species except BEN,
the ratio is greater in the statistically consistent truncated Gaussian system. The DFS,
4+ 2% in the B2 case, and 7 £ 2 %, is consistent with the figures usually met in air pol-
lution source inverse modelling systems (Koohkan et al., 2012, argue that it is usually
between 5% and 15 % for dispersion problems). Isoprene is clearly identified as the
species with the lower ratio in the B2 case.

5 Conclusions

The goal of this study was to estimate the emission inventories of fifteen VOC species
using ground-based in situ measurements. The concentration observations at eleven
stations from the EMEP network over western Europe were assimilated to perform
inverse modelling of the emission field for each one of the fifteen species, for the year
2005.

For that purpose, the Jacobian matrix, i.e., the source-receptor relationship, was built
using the POLAIR3D CTM. To compute that matrix, a fast version of this CTM, as well as
its validated approximate adjoint model have been developed. The chemistry module
of this fast version only includes the chemical reactions between the VOC species and
three oxidants (OH, NO5; and O3), the concentrations of which are pre-computed with
the full CTM.

For each species and each grid cell, a scaling factor that multiplies the local EMEP
emission flux, is computed. The uncertainty attached to the prior scaling factors and the
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covariance matrix of the observation errors, which are crucial statistical components of
the inversion, are obtained using the maximum likelihood principle. The principle was
implemented using two different assumptions: (1) the errors attached to the scaling
factors follow a Gaussian pdf or (2) the scaling factor follows a truncated Gaussian pdf.

In the Gaussian case, the simulated concentrations for the year 2005 using the cor-
rected emissions lead to a significant improvement in most statistical indicators. How-
ever the fact that the VOC fluxes are positive is not statistically accounted for, and this
is shown to lead to a probable over-fitting to the observations, and to over-corrections
of the EMEP emissions. Using a fully consistent truncated Gaussian assumption for
the emission fluxes, including the use of a non-Gaussian likelihood for the estimation
of the hyperparameters, the corrections are significantly smaller.

For short-lived species, it is shown that information cannot propagate far from the
monitoring stations, so that the corrections are rather local to the stations. That is why
we deem the isoprene inversion to be unreliable. That is a typical case where remote
sensing assimilation is necessary to offer a satisfying coverage.

The corrected emissions have been partly validated thanks to a forecast conducted
for the year 2006 using independent observations. The simulations using the corrected
emissions often led to significant improvements in the statistical indicators. Considering
all statistical indicators, the fully consistent truncated Gaussian approach emerged as
the best approach from this test.

The 2006 forecasts have also been compared to the observations at the Kollumer-
waard station, the Netherlands. The Kollumerwaard station is not part of the 11 sta-
tions used in the analysis of 2005. Even though this station is far away from the 2005
network, and its surroundings fluxes little affected by the 2005 analysis, some improve-
ments are noticed for several long-lived VOC species using the statistically consistent
positively constrained inversion.

For anthropogenic VOC (alkanes, alkenes, acetylene, and aromatics), the inversion
modelling suggests that the current EMEP emission inventories are correct within 33 %
on average for n-butane, isobutane, n-pentane, isopentane, propylene and aromatics
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(benzene, toluene and xylenes). However, there are large discrepancies (about an
order of magnitude) in specific regions. The emission inventories appear to be sig-
nificantly underestimated (about a factor of two) for ethane, n-propane, ethylene and
acetylene. Revisions to VOC emission inventories appear to be warranted and experi-
mental investigations of speciated VOC emissions from major source categories (e.qg.,
on-road traffic, petrochemical industry) are recommended.

It would be of interest to assess the method potential efficiency in more specific situa-
tions. The methodology developed here could be applied for specific source categories
using tracer measurements such as levoglucosan for biomass burning. Its efficiency
could also be investigated for short-lived species but for local emission inventories,
at the urban scale for instance. Of course, this extension of the method implies the
availability of a large and consistent set of measurements of specific species.
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Table 1. The volatile organic compounds, their (indicative) lifetime and reactions.

species symbol lifetime (days) reactions
isoprene ISO 0.07 ISO+OH —
|SO+-03—+
ISO + NO; —
RACM 2 acetylene  ACE 110 ACE + OH —
reactions  ethane C,Hg 60 C,Hg +OH —
CZH4 + 03 —_
CZH4+JV03—+
benzene BEN 11 BEN + OH —
propane C;Hg 14 C3Hg + OH —
n-butane NBUT 7 NBUT + OH —
isobutane  IBUT 7.5 IBUT + OH —
n-pentane  NPEN 5 NPEN + OH —
additional  isopentane IPEN 4 IPEN + OH —
reactions  propene C;Hg 0.625 C3Hg +OH —
to RACM2 CsHg + 05 —
C;3Hg + NO; —
toluene TOLU 2.4 TOLU + OH —
o-xylene OXYL 1.1 OXYL+OH —
m-xylene®  MXYL 0.625 MXYL + OH —
p-xylene” PXYL 1.05 PXYL+OH —

+ measured jointly in the EMEP monitoring network and represented with the symbol

MPXYL.
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Table 2. Number of observations for each species (N°2 . ) and number of observation dates
for each station (NObs )- The numbers 1-12 are given to help locate the stations on the map

of Fig. 1.

station

species

species Neresios station code NS
2005 2006 ‘ 2005 2006
CHs 1505 1415| 1  CZOOO3R 1397 1297
NBUT 1503 1414 | 2 DEOO02R 948 1023
IBUT 1033 1453 | 3 DEOOO3R 837 990
NPEN 1501 1409 | 4 DEOOO7R 942 1029
IPEN 1610 1553 | 5 DEOO008R 883 1054
CsHg 1497 1411 | 6 DEOO09R 938 1020
TOLU 1441 1408 | 7 DE0043G 9206 9283
OXYL 868 1273 | 8 ESO009R 259 199
MPXYL 1318 1459 | 9 FROOOBR 1215 1285
ISO 936 1309 | 10 FROO13R 769 1214
ACE 1034 1407 | 11 FROO15R 1281 1352
C,Hq 1494 1409 | 12 NLOO09R 0 26732
C,H, 1434 1416
BEN 1503 1410
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Table 3. Factors applied to MOZART 2 explicit species concentrations to determine the initial

and boundary conditions of the model species. g M. R. Koohkan et al.
(@]
species Factors and MOZART 2 species §
NBUT 0.44 C,Hg Ny
BUT 0.22 CyH, - EEEE SR
NPEN 0.05 C4Hg h
IPEN 0.1 CaHg - === =4
CsHg CsHg o
TOLU 0.26 CH. o N N
OXYL 0.03 C3Hq S
MPXYL 0.03 C;H, ¢ I N
ISO 0.03 C3Hg =
ACE 0.35 CyH, ; 1IN I
CzHg C,Hs w
CoH, C,H, ! !
O
(7]
- IEEEETEE
@
o
- IEEEEEEEE
T
QO
E
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Table 4. Estimated standard deviations of the observation error and background error, under
the Gaussian likelihood and truncated-Gaussian likelihood. The units of r, and r; are ugm™.

+

+

species rg myg re my
CsHg 0.48 16.04 0.50 4.03
NBUT 0.36 2.02 0.37 0.64
IBUT 0.24 35.17 0.28 2.72
NPEN 0.19 6.01 0.20 0.76
IPEN 0.30 8.16 0.32 1.63
C;Hg 0.14 1422 0.15 2.84
TOLU 0.34 3.16 0.35 0.63
OXYL 0.08 16.75 0.09 1.33
PXYL 0.16 6.52 0.17 0.52
MXYL 0.16 6.52 0.17 0.52
ISO 0.46 8265 0.60 2.61
ACE 0.35 4126 0.36 8.23
C,Hg 055 17.40 0.57 4.37
C,H, 0.35 31.19 040 3.93
BEN 024 11.12 0.27 1.11
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Table 5. Scores from the comparison between the observations and the simulated concentra-
tions for four simulations. For each species, the first line represents the scores for the simula-
tions with the a priori fluxes (case A). The scores of the second line and third lines are related
to the simulations with the a posteriori emissions from Gaussian hyper parameters estimation
(case B1 and case B2 respectively). The scores of the fourth line are related to the simulations
performed with the a posteriori emissions under the truncated Gaussian assumption (case C).
The means and the RMSE are in g m~2. Bold numbers compared to the best agreement with
the observations.

species O case C RMSE NMSE R FA, FA,
CHy, 113 A 054 083 114 077 040 0946

NBUT 062 A 064 041 043 068 080 0.989

IBUT 033 A 018 037 221 055 059 0960

NPEN 030 A 025 025 0.86 048 0.57 0.939

IPEN 051 A 045 042 139 042 044 0875

CyHg 018 A 006 021 4.37 045 027 0.653

TOLU 046 A 046 039 073 047 0.65 0953

OXYL 009 A 0055 011 221 037 049 0879

MPXYL 019 A 017 020 125 033 053 0909

1S0 031 A 018 086 1347 063 035 0.708

CHy, 193 A 117 099 043 078 076 1.000

CH, 064 A 020 068 350 063 022 0677
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Table 6. For all species, the total emitted mass (in Gg) for the EMEP inventory run (case A), emission inventories

the a posteriori emissions under Gaussian assumption (cases B1 and B2) and the a posteriori

emissions under the truncated Gaussian assumption (case C). g M. R. Koohkan et al.

(@]
symbols Case A CaseB1 CaseB2 CaseC §
CsHg 7.4 18.3 18.4 15.1 S _
NBUT 19.0 16.5 16.8 18.0 Y
IBUT 47 103 9.1 6.1 © Abstract Introduotion
NPEN 9.7 7.1 7.8 8.9 -
IPEN 9.2 11.4 10.8 10.1 _ ! !
CsHg 4.1 5.4 5.9 5.4 -
WO 17 14 14 121 o N N
OXYL 2.6 1.9 24 2.5 =
PXYL 57 35 44 54 ¢ 1IN s
SO 1650 9255 1249 1434 ; 1IN I
ACE 2.1 10.6 9.9 4.8 o)
C,Hg 7.2 22.9 22.0 17.2 ! !
C,H, 7.9 19.1 20.1 14.5 o _
BEN 5.6 71 6.7 5.8 W)

(=

%)

o

S

Ny

E

33253


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/33219/2012/acpd-12-33219-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/33219/2012/acpd-12-33219-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 7. Scores of the forecast test (year 2006) from the comparison of the observations and
the simulated concentrations for four simulations: case A, case B1, case B2 and case C.

ACPD
12, 33219-33263, 2012

speces O case C RMSE NMSE R FA, FA,

CsHg 110 A 055 085 119 076 046 0.958
B1 114 063 032 0.80 0.85 0.992

B2 1.06 0.61 032 078 0.89 0.998
C 100 0.59 032 079 0.88 0.998

NBUT 0.56 A 075 045 0.49 072 0.70 0.977
B1 038 0.39 040 078 0.83 0.994
B2 062 0.36 0.38 0.76 0.80 0.994
C 065 037 0.38 0.76 079 0.994

IBUT 034 A 021 033 146 061 0.67 0.967
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BI 036 046 173 049 056 0.825 O
B2 037 035 093 055 075 0975 o M. R. Koohkan et al.
C 032 033 098 054 074 0975 o
NPEN 029 A 031 031 108 045 056 0.919 c
Bt 048 030 172 048 039 0692 n
B2 026 028 103 051 061 0949 @,
C 027 027 094 052 062 0950 (@)
IPEN 047 A 029 037 099 049 054 0.906 >
Bt 037 062 217 031 043 0733 )
B2 046 046 099 042 064 0.963 [O)
C 042 038 073 049 065 0.969 o)
CHs 019 A 008 024 38 044 039 0674 C_E
B1 0.07 0.24 4.40 0.51 024 0521
B2 043 020 158 060 050 0.877
C 013 020 162 060 049 0873
TOLU 066 A 057 069 1.28 028 055 0.876
B1 047 073 165 025 056 0.852
B2 048 070 155 027 058 0.864 W)
C 050 068 142 029 060 0875 D
OXYL 007 A 007 007 105 042 054 0885 (@)
B1 004 008 235 042 036 0.693 [
B2 006 007 098 052 054 0918 ()
C 007 007 095 050 056 0910 (28
MPXYL 021 A 021 025 145 032 051 0856 )
Bt 040 023 273 049 038 0720 S
B2 046 021 138 050 053 0.885 )
C 018 022 133 044 053 0863 Q
1SO 031 A 035 104 1025 021 026 0571 e
Bt 139 19.95 9399 -0.18 0.16 0.287 [}
B2 025 081 859 046 034 0.682 -
C 027 081 805 044 033 0656
ACE 068 A 014 083 717 057 017 0649 —_
B1 049 058 100 060 063 0.966
B2 047 062 122 051 054 0952
C 036 070 198 039 052 0837 )
CHs, 18 A 115 105 051 078 080 0.998 0
Bt 196 076 016 0.81 098 0.999 o)
B2 178 076 047 078 097 1.000 [
C 171 075 017 079 097 0999 )
CH, 066 A 026 087 443 059 036 0751 @,
Bt 039 074 215 065 039 0713 o
B2 061 062 097 073 064 0978 S
C 056 066 1.18 069 065 0.980 o
BEN 047 A 044 038 069 065 077 0995 Q
B1 057 042 065 070 071 0.966 o
B2 047 035 055 071 081 0994 ()
=

C 046 036 059 0.69 0.80 0.997
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Table 8. Scores at the Kollumerwaard station (for the year 2006) from the comparison of the
observations and the simulated concentrations for three simulations: case A, case B2 and case
C.

species case O C RMSE NMSE R FA, FA,
A 082 212 324 005 039 0.799
CsHg B2 169 097 1.81 208 043 0.63 0.936
c 081 187 256 047 056 0.932
A 044 033 132 054 060 0.868
IBUT B2 033 041 039 119 034 060 0927
c 036 034 098 037 062 0.948
A 028 042 153 052 0.50 0.899
NPEN B2 042 0.18 048 299 048 045 0.859
c 023 044 200 053 052 0.917
A 043 059 132 020 048 0.868
IPEN B2 061 037 063 204 013 041 0.770
c 033 065 175 012 036 0.814
A 008 030 610 065 036 0.719
CsHg B2 0.7 0.14 026 279 063 0.44 0.780
c 013 026 297 0.66 039 0.734
A 052 043 068 048 0.67 0.886
TOLU B2 053 035 035 064 072 061 0937
c 039 033 052 073 067 0.942
A 006 010 151 052 0.39 0.847
OXYL B2 041 005 010 176 059 036 0.818
c 006 0.09 158 060 0.38 0.829
A 015 022 144 072 039 0.881
MPXYL B2 022 0141 023 226 075 036 0.875
c 014 021 148 075 038 0.888
A 005 035 143 033 0.19 0445
ISO B2 018 005 035 1329 032 0.20 0.463
c 005 035 1329 032 0.20 0.463
A 0.14 044 433 057 024 0.609
CyH, B2 018 017 045 358 044 033 0.691
c 020 040 242 055 031 0.662
A 0.54 0.83 2.92 0.00 0.48 0.772
BEN B2 044 024 067 426 023 043 0.816
c 030 065 325 0.27 052 0.869
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Table 9. The ratio of DFS to the cost function for each species.

symbols caseB1 caseB2 caseC
CsHg 0.076 0.055 0.108
NBUT 0.040 0.033 0.035
IBUT 0.142 0.052 0.067
NPEN 0.088 0.050 0.067
IPEN 0.072 0.044 0.069
CsHg 0.067 0.040 0.091

TOLU 0.045 0.030 0.031

OXYL 0.119 0.037 0.052
MPXYL 0.141 0.034 0.045
ISO 0.081 0.015 0.042
ACE 0.074 0.055 0.069
C,Hg 0.080 0.060 0.131

C,H, 0.126 0.056 0.109
BEN 0.081 0.040 0.033
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Fig. 1. The 11 monitoring stations of the EMEP network for volatile organic compounds whose
observations are assimilated are indicated with a circle. The Kollumerwaard station in the

Netherlands used for validation only is indicated by a rhombus.
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Fig. 2. Comparison of the source contributions estimated with the direct model and the adjoint

model.
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Fig. 3. This density plot displays a monotonic transform of the likelihood of the hyperparam-
eters for NBUT in the Gaussian case. The monotonic transform is used to obtain a better
contrast in the density plot. The abscissa and ordinate are normalised according to the optimal
parameters obtained from the fixed-point method.
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Fig. 4. A monotonic transform of the likelihood of the hyperparameters for C,Hg in the truncated 73
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Fig. 5. Comparison between the a priori and a posteriori OH concentration fields.
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Fig. 6. The total emitted mass correction, normalised with respect to the total emitted mass of
the EMEP inventory for cases B1, B2 and C.
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Fig. 7. Gridded ratios of time-integrated retrieved flux to EMEP time-integrated flux for C,Hg,
(a,b), IPEN (c,d), OXYL (e,f) and ISO (g,h). Green and blue colours correspond to reduction
of the emission fluxes, whereas red and pink colours correspond to increase of the emission
fluxes. The left column (a,c,e,g) corresponds to case B2 and the right column (b,d,f,h) corre-
sponds to case C. The species are ordered by decreasing lifetime.
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