
HAL Id: hal-00301770
https://hal.science/hal-00301770

Submitted on 18 Jun 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Sensitivity analysis by the adjoint chemistry transport
model DRAIS for an episode in the Berlin ozone

(BERLIOZ) experiment
K. Nester, H.-J. Panitz

To cite this version:
K. Nester, H.-J. Panitz. Sensitivity analysis by the adjoint chemistry transport model DRAIS for an
episode in the Berlin ozone (BERLIOZ) experiment. Atmospheric Chemistry and Physics Discussions,
2005, 5 (5), pp.8715-8754. �hal-00301770�

https://hal.science/hal-00301770
https://hal.archives-ouvertes.fr


ACPD
5, 8715–8754, 2005

Sensitivity analysis
for BERLIOZ

K. Nester and
H.-J. Panitz

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

EGU

Atmos. Chem. Phys. Discuss., 5, 8715–8754, 2005
www.atmos-chem-phys.org/acpd/5/8715/
SRef-ID: 1680-7375/acpd/2005-5-8715
European Geosciences Union

Atmospheric
Chemistry

and Physics
Discussions

Sensitivity analysis by the adjoint
chemistry transport model DRAIS for an
episode in the Berlin ozone (BERLIOZ)
experiment
K. Nester and H.-J. Panitz

Institut für Meteorologie und Klimaforschung (IMK), Forschungszentrum Karlsruhe/Universität
Karlsruhe, Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany

Received: 2 May 2005 – Accepted: 1 July 2005 – Published: 13 September 2005

Correspondence to: K. Nester (klaus.nester@imk.fzk.de)

© 2005 Author(s). This work is licensed under a Creative Commons License.

8715

http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/5/8715/acpd-5-8715_p.pdf
http://www.atmos-chem-phys.org/acpd/5/8715/comments.php
http://www.copernicus.org/EGU/EGU.html


ACPD
5, 8715–8754, 2005

Sensitivity analysis
for BERLIOZ

K. Nester and
H.-J. Panitz

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

EGU

Abstract

The Berlin Ozone Experiment (BERLIOZ) was carried out in summer 1998. One
of its purposes was the evaluation of Chemistry Transport Models (CTM). CTM
KAMM/DRAIS was one of the models considered. The data of 20 July were selected
for evaluation. On that day, a pronounced ozone plume developed downwind of the city.5

Evaluation showed that the KAMM/DRAIS model is able to reproduce the meteorologi-
cal and ozone data observed, except at distances far downwind of the city (60–80 km).
In that region, the DRAIS model underestimates the measured ozone concentrations
by approx. (10–15) ppb.

Therefore, this study was conducted to detect possible reasons for this deviation.10

A comprehensive sensitivity analysis was carried out, to determine the most relevant
model parameters. The adjoint DRAIS model was developed for this purpose, because
the most effective method of calculating the sensitivities is the application of the adjoint
model. The least squares of the measured and simulated ozone concentrations be-
tween 08.0 UTC and 16.0 UTC at two stations 30 km and 70 km downwind of the city15

centre were chosen as the distance function. The model parameters considered in
this study are the complete set of initial and boundary species concentrations, emis-
sions, and reaction rates, respectively. A sensitivity ranking showing the relevance of
the individual parameters in the set is determined for each parameter set.

In order to find out which modification in the parameter sets most reduces the dis-20

tance function, simplified 4-D data assimilation was carried out. The result of this data
assimilation shows that modifications of the reaction rates provide the best agreement
between the measured and the simulated ozone concentrations at both stations. How-
ever, agreement is still acceptable when the parameters in the other sets are modified
together. The investigation demonstrates that an analysis of this type can help to ex-25

plain inconsistencies between observations and simulations. The analysis also shows,
however, that the parameters responsible cannot be determined unequivocally.
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1. Introduction

The Berlin Ozone (BERLIOZ) Experiment (Becker et al., 1999) was carried as part of
the German Tropospheric Research Programme (TSF) in the period between 13 July
and 9 August 1998. The experimental domain comprised the city of Berlin and an area
within a radius of approx. 100 km around the city. The experiment mainly served to5

study the transport and chemical transformation processes in the urban plume of Berlin
under photo-smog conditions. The study focused on the production of ozone and other
oxidants. However, the data also were to be used for evaluating Chemical Transport
Models (CTM). As the chemical production of oxidants, especially ozone, depends on
a large number of parameters, many experiments have been carried out to analyze the10

relevance of the processes involved. Urban plumes are of special interest because of
their limited extension and the possibility to relate the plume to the emissions from the
city. Unlike other experimental sites in Europe located in complex terrain, e.g. Athens
(Peleg et al., 1997), Madrid (Plaza et al., 1997), Milan (Prevot et al., 1997) and Vienna
(Wotava et al., 1998), Berlin was selected because of its location in a flat environment15

extending approximately 100 km around the city. The urban plume is not influenced by
any other major sources in many directions.

In an earlier study, a simulation by the KAMM/DRAIS model was conducted for
20 July (Nester et al., 2000). Its results were compared with measured meteorolog-
ical and chemical data. As in the investigation by Memmesheimer et al. (1997), addi-20

tional mass budget simulations were performed (Panitz and Nester, 2002) to determine
the relevant processes as function of time and space. Those evaluations showed the
KAMM/DRAIS model to be able to reproduce the data observed, except for the ozone
concentrations at greater distances 60–80 km downwind of the city of Berlin. In this
region, the model underestimated the observed ozone concentrations by 10–15 ppb.25

Statistical investigation of the uncertainties inherent in the DRAIS model (Nester and
Panitz, 2004) with respect to ozone shows that such deviations occur during daytime in
some 25% of the cases compared. Although this is not a rare incidence, there seems
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to be a defect in the model proper or in the model parameters, because this deviation
is restricted to one particular region.

The main purpose of this investigation is identifying possible reasons for the devia-
tions between the observed and the calculated ozone concentrations in the city plume
at greater distances. Also, it is of general interest to quantify those model parameters5

which could most likely be responsible for the deviations. In order to determine the
most relevant parameters, a sensitivity analysis was carried out. The model parame-
ters considered at each grid point of the model domain are the initial and the boundary
conditions of the species concentrations, emissions, and reaction rates. The most
effective method of determining sensitivities is by applying the adjoint DRAIS model10

developed for this specific purpose. Besides determining sensitivities, a simplified data
assimilation was carried out to identify those parameter uncertainties which probably
cause the discrepancies between the measured and the simulated ozone concentra-
tions.

2. Simulations by the KAMM/DRAIS model and results15

2.1. The KAMM/DRAIS model system

The KAMM/DRAIS model system (Fig. 1) consists of the KAMM meteorological model
(Adrian and Fiedler, 1991) and the DRAIS dispersion model (Nester and Fiedler, 1992).
The KAMM non-hydrostatic Eulerian model solves the Navier-Stokes equations of mo-
tion, the continuity equation, and the heat equation in a terrain following coordinate20

system, which allows better resolution close to the ground than at higher levels. A soil-
vegetation model (Schädler et al., 1990) describes the interaction between the soil and
the atmosphere.

The DRAIS dispersion model solves the diffusion equation on an Eulerian grid by
using the same terrain following coordinate system as the KAMM model. Dry deposi-25

tions of the different species are modelled by their dry deposition velocities (Baer and
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Nester, 1992). The gas phase chemical reaction mechanism of the RADM2 model
(Stockwell et al., 1990) is applied to simulate chemical processes.

A local first order approach is chosen for vertical diffusion in the stable and neutral
boundary layer. A non-local similarity approach is used in the convective boundary
layer (Degrazia, 1988).5

A special module can be employed to calculate the components of the mass budget
in predefined volumes for all species considered in the model (Panitz et al., 1997).

2.2. Simulations

Simulations by the KAMM/DRAIS model system were carried out for 20 July 1998. The
model domain had a size of 200 km×200 km. The city of Berlin was located in the10

centre of the domain. Horizontal grid resolution was 2 km. The external forcing for the
KAMM model and the initial conditions and the boundary conditions for the species
concentrations in the DRAIS model were determined from the results of the European
scale EURAD model (Ebel et al., 1997). The grid size for this simulation was 18 km.
Only the ozone profile at the upper levels (1.5–5 km) was modified in line with the15

measurements run by the IBUF aircraft (Corsmeier et al., 2002). The emission data
for this episode were provided by IER, Stuttgart. Land use and topography data were
taken from the database supplied by IMK–IFU, Garmisch-Partenkirchen.

The ozone concentration distribution near ground level at 15.0 UTC on 20 July 1998,
shows a pronounced ozone plume downwind of the city of Berlin (Fig. 2). The maximum20

ozone concentration in this plume is 68 ppb. It occurs at a distance of about 70 km. Air
masses with high ozone concentrations are transported over the southern boundary of
the model domain.

The diurnal ozone concentration cycles at two stations are presented in Fig. 3. At
the Eichstaedt station, roughly 30 km downwind of the city centre of Berlin, the sim-25

ulated ozone concentrations fit measurements quite well. At Menz station, however,
about 70 km downwind of the city centre, the simulated ozone concentrations under-
estimate the measured ones. A similar result is obtained when comparing the ozone
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concentrations measured along the flight track of the IBUF aircraft (see Fig. 2) with the
corresponding simulated concentrations. The main flight track begins on the upwind
side approx. 50 km southwest of Berlin, crosses the city, and ends at about 100 km
downwind. Along this flight track, the aircraft flew at different altitudes. As can be seen
from Fig. 4, the wind direction measured during the flight is simulated well by the model.5

A similar agreement is found for the wind speed. The simulated ozone concentration
along the flight track also agrees quite well with the observations, except for two time
periods (13.8 UTC and 15.1 UTC). During these two periods, the aircraft flew in the
area around and north of Menz where the model underestimates the measured ozone
values by approx. 10–15 ppb (Fig. 5) while the meteorological conditions are simulated10

well.

2.3. Mass budget components of ozone in four layers over three regions

The mass budget module in the KAMM/DRAIS model calculates the contributions by
the different processes to the change in the mean concentration in a predefined volume
(Fig. 6). Production and loss terms are marked P and L, respectively. More details are15

published in Panitz and Nester (2002).
The calculations were performed for three regions in the urban plume. The first

region comprises the city of Berlin, two others are located north of the first region
(Fig. 7). The atmospheric column over each region was divided into four vertical layers:

Layer 1: 2000 m–5000 m (free troposphere)20

Layer 2: 1200 m–2000 m (upper boundary layer)
Layer 3: 75 m–1200 m (lower boundary layer)
Layer 4: ground–75 m (surface layer)
Although all mass budget components were determined, only the changes in ozone

concentration due to chemical transformations are presented. Determining this quan-25

tity was one of the purposes of the experiment. Figure 8 shows the hourly change in
the chemical ozone production rate in layer 3. In regions 1 and 2, nearly the same
production rates are calculated, whereas the production rate in region 3 obviously is
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lower in the afternoon.
On the downwind side of the city, the ozone production in the urban plume as de-

rived from aircraft measurements (IBUF) in the afternoon reaches a level of approx.
(6.5±1.0) ppb/h (Corsmeier et al., 2002). The aircraft flew at different levels in layer 3,
crossing regions 2 and 3 several times. Averaging the simulated ozone production rate5

over the corresponding periods results in 5.1 ppb/h and 3.5 ppb/h for regions 2 and 3,
respectively. For region 2, this is still in acceptable agreement with the corresponding
levels derived from the aircraft measurements. The ozone production rate in region 3
obviously is too low. Comparison for the city results in (4.5±1.0) ppb/h and 5.0 ppb/h
for the measured and the simulated ozone production rates, respectively.10

This result indicates that the ozone concentrations measured at Menz are underes-
timated because the ozone production rate is too low in the model.

3. Sensitivity analysis

A sensitivity study was performed to find the reasons of the discrepancies identified in
ozone concentrations. Four parameters were selected for analysis:15

– emissions,

– initial species concentrations,

– boundary species concentrations,

– reaction rates.

In our case, sensitivity is defined as the parameter derivative, ∂DF/∂P , of a distance20

function, DF. The value of the distance function describes the quality of the agreement
between the measured and the calculated ozone concentrations at the Eichstaedt and
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Menz stations in the daytime. It is defined as

DF =
2∑

l=1

16∑
i=8

(Cs,i−Cm,i )
2
l (1)

with
Cs,i : simulated ozone concentration for the time i (UTC),
Cm,i : measured ozone concentration for the time i (UTC),5

l=1 : at Eichstaedt station (see Figs. 2 and 3),
l=2 : at Menz station (see Figs. 2 and 3).
Both stations were selected in order to allow the ozone concentrations in the plume

closer and farther away from the city of Berlin to be considered simultaneously. This is
important especially for the simplified data assimilation in Sect. 4.10

The most effective way of calculating the sensitivities is based on application of the
adjoint model. A fundamental study with emissions as a parameter was published by
Elbern et al. (2000). A tracer transport study on a global scale was performed earlier by
Pudykiewicz (1998). Studies with distance functions based on ozone concentrations
were carried out by Elbern and Schmidt (2001), using the initial species concentrations15

as a model parameter, and by Schmidt and Martin (2003) with the emissions as a
parameter. Other studies of this kind were published by Vautard et al. (2000), based on
emissions and reaction rates as the model parameters, and Menut (2003) investigating
the sensitivity of a larger number of relevant parameters. Also the adjoint method was
applied to optimize the location of observations (Daescu and Carmichael, 2002).20

The adjoint DRAIS model therefore was developed for the sensitivity study.

3.1. The adjoint DRAIS model

The adjoint model can be derived from the tangent linear model. The variables of the
latter model are the gradients of the variables of the original model related to a model
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parameter. The definitions of adjoint(*) operators and variables are given by Eq. (2).

< G∗;LG >=< G;L∗G∗ > , (2)

with
<A;B>: inner product of A and B
G =∂C/∂P : derivative of the concentrations, C, related to a model parameter, P ,5

which is the variable in the tangent linear DRAIS model.
G∗ =adjoint of G,
L=operator of the differential equations in the tangent linear DRAIS model
L∗ =operator of the differential equations in the adjoint DRAIS model.
Although programmes exist for automatic transformation of the original code into the10

tangent linear and the adjoint codes (TAMC, Giering and Kaminski, 1998; Odyssee,
Rostaing et al., 1993), the adjoint DRAIS model was developed manually. Unlike the
adjoint CHIMERE model (Schmidt and Martin, 2003), however, it is not coded line by
line in accordance with the principles of automatic transformation. The adjoint DRAIS
model is derived from the tangent linear model of DRAIS, which uses the same differ-15

ence approximations as the original model. The equation defining the adjoint operators
and variables (Eq. (2)) is applied to determine the adjoint DRAIS model as in the pro-
cedure given by Ustinov (2001). Instead of the differential equations, the difference
equations are used to obtain the adjoint difference equations. This is advantageous
because the results of the sensitivity analysis can be better compared with the calcu-20

lated sensitivities using the tangent linear and the original models. The adjoint DRAIS
model is coded in a similar way as the original model and the tangent linear model. Of
course, the subprograms are arranged in inverse order. These manually coded pro-
grammes offer the advantage of clear structures and can be optimized with respect to
storage requirements and computing time (Elizondo et al., 2002).25
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3.1.1. Advection scheme

In the original DRAIS model, a second-order non-oscillatory Flux Corrected Transport
(FCT) advection scheme with limiters is implemented. In addition, divergence correc-
tion is used. To avoid problems in the adjoint scheme (Thuburn and Haine, 2001), this
scheme was used without limiters. It is now linear and of second order, but no longer5

monotone. The results of the original and the modified advection schemes differ only
slightly. The distance function (Eq. (1)) decreases by only approx. 3%. The adjoint
advection term was derived from Eq. (2) with the modified difference scheme used
for advection. It differs slightly from the tangent linear advection scheme with inverse
velocities. The divergence correction term is omitted in the adjoint advection scheme.10

3.1.2. Diffusion scheme

Diffusion is approximated in the original and the tangent linear models by a centred
difference scheme. This scheme can be used without any modification also in the
adjoint DRAIS model. Only the lower boundary condition differs from that of the tangent
linear model. The reason for this modification lies in the formulation of the flux at the15

lower boundary, which is defined as

F LUXg = Vd ∗ C (3)

with
F LUXg = species concentration flux to the ground,
C= species concentration,20

Vd =deposition velocity.
Vd and C are determined at a reference level above ground and not directly on the

ground, which is the lowest level in the DRAIS model. This implies an adjoint boundary
condition with a slightly modified deposition velocity.
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3.1.3. Chemical reaction terms

The chemical reaction terms in the original DRAIS model are non linear. They are
linearized in the tangent linear model. The linearized chemical reaction terms can be
written as an n ∗ n matrix (Eq. (4)), where n is the number of variables, ∂Ck/∂P , in the
tangent linear model.5

d (∂Ck/∂P )/dt =
n∑

i=1

Ak,i∂Ck,i/∂P k = 1, n . (4)

These variables are the model parameter derivatives of the chemical species concen-
trations in the original DRAIS model. 41 transported and 18 diagnosed species are
considered in the DRAIS model. This means that n is 59. In the adjoint DRAIS model,
the transpose of this matrix is employed. The solving procedure is the same in both10

models and corresponds to the QSSA method of the RADM2 module (Chang et al.,
1987) used in the original DRAIS model.

3.1.4. Test calculations

The adjoint DRAIS model was tested by sensitivity calculations for a large number of
model parameters at different grid points. The sensitivities of the distance function15

calculated by applying the adjoint DRAIS model are compared with the sensitivities de-
rived from two simulations with the original model using the parameter values, P±∆P .
Of course, the results cannot be identical, but tests have shown that the relative error
should be less than 1%, at least for the higher sensitivity values. It is important to check
the sensitivity for different parameters at various grid points, because good agreement20

may be obtained for some sensitivities although there is still an error in the code. The
results of the adjoint model were also checked by those of the tangent linear model.

8725

http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/5/8715/acpd-5-8715_p.pdf
http://www.atmos-chem-phys.org/acpd/5/8715/comments.php
http://www.copernicus.org/EGU/EGU.html


ACPD
5, 8715–8754, 2005

Sensitivity analysis
for BERLIOZ

K. Nester and
H.-J. Panitz

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

EGU

3.2. Results of sensitivity analysis

The sensitivity of the distance function relative to the parameters mentioned above is
calculated for each grid point. For these calculations, the grid size was increased by
a factor of 10 because of the large number of data to be stored. In addition, the sim-
plified data assimilation (Sect. 4) takes a lot of computing time. The increase in grid5

size allows a larger number of simulations with reduced storage and CPU time require-
ments. Also, more test calculations can be performed. The KAMM/DRAIS simulations
(Sect. 2.2) were repeated with a coarse horizontal resolution of 20 km. During the day
both stations show only minor differences between the diurnal cycles of ozone con-
centration resulting from simulations with grid resolutions of 2 km and 20 km (Fig. 3).10

Therefore, it may be sufficient to calculate sensitivities with the coarser grid.
The sensitivity, Sp, of the distance function relative to a model parameter is defined

as

Sp = ∆DF/∆P , (5)

where ∆DF = variation of the distance function, ∆P = variation of the parameter, P .15

In the analysis below, the parameter, P , is replaced by the reference value, P o,
multiplied by a factor, (F acP ), which is the new parameter replacing P .

P = P o ∗ F acP

∆P = P o ∗∆F acP.

The sensitivity, Eq. (3), is now defined as20

Sp = ∆DF/(∆F acP ∗ P o) = Spf /P o

with

Spf = ∆DF/∆F acP. (6)

The sensitivity, Spf , used below, is now related to the parameter, F acP .
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3.2.1. Emissions

The sensitivity related to emissions,

Sef = ∆DF/∆F acE (7)

is calculated for all grid points where emissions occur, and for all species emitted. The
maximum Sef for each species is plotted in Fig. 9 arranged by species numbers as in5

the original DRAIS model listed in Appendix A. As the distance function, DF , depends
on the ozone concentrations, it is no surprise that NO is the most sensitive species. The
next positions in sensitivity ranking are occupied by the hydrocarbons, OLT, XYL, OL2,
HC5, HC3, HC8, OLI, HCHO, and TOL (see Appendix A for the explanation). CO is still
found between HC8 and OLI. Compared to TOL, the sensitivities of the other species10

emitted are a factor of 2 lower. Negative sensitivity means that an increase in emis-
sions of this species reduces the distance function, thus furnishing better agreement
of the measured and the simulated ozone concentrations at the stations Eichstaedt
and Menz. To obtain a lower distance function, NO emissions must be reduced while
hydrocarbon and CO emissions must be increased.15

3.2.2. Initial species concentrations

The sensitivity of the initial species concentrations is defined as in the previous case:

Sif = ∆DF/∆F acI (8)

The sensitivities are calculated for all species at each grid point. The maximum sen-
sitivity for each species is selected from these data and plotted in Fig. 10. As the20

distance function depends on the ozone concentration, ozone is expected to be the
most sensitive species. In sensitivity ranking, ozone is followed by PAN, NO2, HCHO,
OLT CO, NO, and ALD (see Appendix A for the explanation). When individual species
are considered, PAN can be seen to play a greater role in ozone chemistry than other
species.25
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3.2.3. Boundary species concentrations

The sensitivity of the boundary species concentrations is defined in the same way as
the previous parameters.

Sbf = ∆DF/∆F acB (9)

Figure 11 shows the maximum sensitivity for all species concentrations transported in5

the model (Appendix A, Species 1–41). The most sensitive species again is ozone,
followed by PAN and NO2. This is the same ranking as for the initial conditions, but the
sign for the NO2 sensitivity is different. The next positions in the ranking of boundary
species concentrations are held by CO, OLT, HCHO, ALD, and NO. These species can
also be found in the ranking list for the initial conditions, albeit in a slightly different10

order. The other sensitivities are remarkably lower.

3.2.4. Photolysis rates

The sensitivities of the photolysis rates,

Spf = ∆DF/∆F acP (10)

are calculated at all grid points and for all 21 photolysis reactions (Stockwell, 1990).15

The maximum value for each reaction is plotted in Fig. 12. Sensitivity is dominated by
reactions 1 and 11. The corresponding reaction equations are listed in Table 1. The
highest sensitivity with a positive sign is number 10, the photolysis of HCHO to H2 and
CO. However, this sensitivity is much lower than those for the previous photolysis rates.

3.2.5. Reaction rates20

140 non photolytic reactions are considered in the RADM2 model. For all these reac-
tions the sensitivities

Srf = ∆DF/∆F acR (11)
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are calculated at each grid point. The maximum sensitivities of the reaction rates for
all reactions are plotted in Fig. 13. The eight dominating reactions are listed in Table 1
(the first eight reactions). As expected, the rate of the reaction between O3 and NO
shows the highest sensitivity. As can be seen from Table 1, the higher sensitivities are
related to reactions with NO, NO2, OH, and HO2. These reactions play an important5

role in ozone chemistry. Most of these reactions are also considered in the sensitivity
study by Menut (2003).

4. Variation of relevant parameters

After calculation of the sensitivities it was possible to select the most relevant param-
eters. They are summarized in Table 1. These parameters are modified at each grid10

point in an iteration process minimizing the distance function. This procedure is similar
to real data assimilation. However, a simplified procedure is applied in this case in
which correlations between variations at neighbouring grid points are neglected. The
simplified parameter variation provides a lower limit of the distance function. This study
was conducted to find out which parameter modifications are able to diminish discrep-15

ancies observed in ozone concentrations in the city plume at distances far from Berlin.
There is no intention to carry out a full data assimilation for which much more data
would have to be included and error correlations would have to be considered. In order
to avoid completely unrealistic results parameter variation is limited. The limits for the
different parameters are also listed in Table 1.20

The limits for emissions are estimated from evaluations of the Augsburg project
(Slemr et al., 2002). For SO2, NO and NO2 emissions, the same uncertainty factor
of 1.5 is used. This means that the lower limit is 1/1.5=0.66 and the upper limit is
1.5. Hydrocarbon and CO emissions are more uncertain. Therefore, a value of 2.0 is
chosen, which corresponds to a lower limit of 0.5.25

The limits for the initial concentrations are estimated in a similar way. For the initial
NO concentration, the same limits are used as for the NO emissions, because the NO
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concentrations mainly depend on local emissions. Nester and Panitz (2004), showed
that differences of 20% can occur between the measured and the simulated ozone con-
centrations. Therefore, an uncertainty factor of 1.2 is taken for ozone. The uncertainty
in the initial NO2 concentration lies between the values for NO and those for ozone
because it is influenced more by chemical processes and long range transport than is5

NO. The uncertainty factor for the initial hydrocarbon concentrations should be lower
than that of the emissions. Therefore, a value of 1.5 is chosen. This value is taken also
for the initial concentrations of PAN and CO.

As it is very difficult to define individual limits for the different parameters, the same
limitations were chosen for the boundary conditions and the reaction rates. For both10

parameter sets, a variation of ±40% is allowed (Menut, 2003). In order to avoid unreal-
istic parameter modifications, this rough estimate of the limits seems to be acceptable.

For the simulations with the simplified data assimilation the model run starts at
00.0 UTC and ends at 05.0 UTC without any modification. The results of this pre-run
are used as initial conditions for a subsequent model run from 05.0 UTC till 21.0 UTC.15

During this model run the modified parameters are taken into account. The assimila-
tion window lies between 08.0 UTC and 16.0 UTC. Only in this time period, improved
agreement between the measured and the simulated ozone concentrations at the sta-
tions of Eichstaedt and Menz is assured. It would be interesting to see whether there
is better agreement also between 05.0 UTC and 08.0 UTC as well as after 16.0 UTC.20

Simplified data assimilation is carried out separately with the initial conditions to-
gether with the emissions, as recommended by Elbern and Schmidt (2002), the bound-
ary conditions and the reaction rates, respectively. Iterative reduction of the distance
function is performed by the conjugate gradient method using limits. The convergence
of the distance function is plotted in Fig. 14.25

The boundary conditions furnish the highest minimum of the distance function. This
result is not surprising, because it takes longer for modifications in the boundary condi-
tions to cause modifications in ozone concentrations at the two stations considered in
the distance function. Moreover, the modifications in ozone concentrations are similar
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at both stations. At Menz agreement cannot be improved greatly without overestimat-
ing the ozone concentrations at Eichstaedt. These effects are reflected in the modified
diurnal cycles of the ozone concentration for both stations drawn in the Fig. 15.

The lowest minimum of the distance function is calculated for the reaction rates.
Ozone concentrations at the Menz and Eichstaedt stations based on the modified re-5

action rates agree quite well with the observations in the assimilation window (Fig. 15).
This indicates that uncertainties in the reaction rates may be the cause of the discrep-
ancies in ozone concentration. Varying the emissions together with the initial conditions
furnishes less satisfactory agreement than modifying the reaction rates does. When
the initial conditions and the boundary conditions as well as emissions are modified10

simultaneously, agreement is satisfactory, but not as good as with modified reaction
rates.

In the late afternoon, after 16.0 UTC (the end of assimilation), the ozone concen-
trations in the KAMM/DRAIS reference simulation and in all runs with modified pa-
rameters converge relatively fast. Especially the increased ozone concentration at the15

station Menz after 16.0 UTC is not simulated properly either by the reference run or by
the runs with modified model parameters. This indicates that other reasons could still
be responsible for the discrepancies between the measured and the calculated ozone
concentrations at Menz station.

5. Conclusions20

On 20 July 1998, a day in the BERLIOZ experiment, an ozone plume developed down-
wind of the city of Berlin. Although the meteorological conditions and ozone concen-
trations on the upwind side of the city are well simulated by the model, the maximum
increase in ozone concentration as observed in the plume is underestimated by (10–
15) ppb at distances far from the city (60–80 km). In this area, the model also calculates25

an ozone production rate lower than that derived from aircraft measurements. A sen-
sitivity analysis was carried out to find the reason for this underestimation. It is based
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on a distance function defined as the sum of the least squares between the measured
and the simulated ozone concentrations at the stations of Eichstaedt and Menz in the
period between 08.0 UTC and 16.0 UTC. The emissions, initial conditions and bound-
ary conditions, and the reaction rates are taken as model parameters. The highest
sensitivities are listed in Table 2 arranged by absolute values.5

Only five parameters show a sensitivity of more than ±100 ppb2. The others are a
factor of two or more lower. It is not surprising that the first five parameters are the most
sensitive ones, being directly related to the concentration or the production of ozone. It
was to be expected that other parameters, such as the hydrocarbon and CO emissions,
also show relevant sensitivities (Table 2). However, their place in the ranking list and10

the sensitivity values could not be predicted.
In addition, simplified data assimilations were performed. They were not restricted

to the five most sensitive parameters, as the ranking changes during the assimilation
process, especially when the limits of the most sensitive parameters are reached. Sim-
plified data assimilation shows that modification of the reaction rates can remarkably15

reduce the distance function. Simultaneous data assimilation with emissions, initial
conditions and boundary conditions as the parameter sets also produces acceptable
agreement between the measured and the simulated ozone concentrations, although
the value of the distance function is still remarkably higher than with the modified reac-
tion rates. After 16.0 UTC (the end of assimilation), a relatively fast convergence of the20

ozone concentrations simulated with and without parameter modifications is found at
both stations. This fast convergence indicates that other effects may still influence the
discrepancies detected in ozone concentrations, especially at the station of Menz.
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Appendix A: List of RADM2 transported chemical species.

Species Species name Chemical formula Symbol used Emitted species
number in the model number

1 Sulfur dioxide SO2 SO2 1
2 Sulfuric acid H2SO4 SULF 2
3 Nitrogen dioxide NO2 NO2 3
4 Nitric oxide NO NO 4
5 Ozone O3 O3
6 Nitric acid HNO3 HNO3
7 Hydrogen peroxide H2O2 H2O2
8 Acetaldehyde R-CHO ALD 5
9 Formaldehyde CH2O HCHO 6
10 Methyl hydrogen peroxide CH3OOH OP1
11 Other organic peroxides R-OOH OP2
12 Peroxyacetic acid CH3COOOH PAA
13 Formic acid HCOOH ORA1
14 Acetic acid CH3COOH ORA2 7
15 Ammonia NH3 NH3 8
16 Dinitrogen pentoxide N2O5 N2O5
17 Nitrogen trioxide NO3 NO3
18 Peroxyacetylnitrate CH3CO3NO2 PAN
19 C3 to C5 alkanes C3H8 - C5H12 HC3 9
20 C6 to C8 alkanes C6H14 - C8H18 HC5 10
21 Other alkanes > C10H22 HC8 11
22 Ethane C2H6 ETH 12
23 Carbon monoxide CO CO 13
24 Ethene C2H4 OL2 14
25 Terminal alkenes (propene) e.g. C3H6 OLT 15
26 Internal alkenes (butene) e.g. C4H8 OLI 16
27 Toluene CH3C6H5 TOL 17
28 Xylene (CH3)2C6H4 XYL 18
29 Acetyl peroxyl radical CH3 - CO3 ACO3
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Appendix A: Continued.

Species Species name Chemical formula Symbol used Emitted species
number in the model number

30 other PAN CHOCH=CHCO3NO2 TPAN
31 Nitrous acid HNO2 HONO
32 Pernitric acid HNO4 HNO4
33 Ketones CH3COCH3, CH3COC2H5 KET 19
34 Glyoxal (CHO)2 GLY
35 Methylglyoxal CH3COCHO MGLY
36 Other dicarbonyls R-(CHO)2 DCB
37 Other organic nitrate R-ONO2 ONIT
38 Cresol HOC6H4-CH3 CSL 20
39 Isoprene C5H8 ISO 21
40 Hydroxy radical HO HO
41 Hydroperoxy radical HO2 HO2
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Table 1. Parameters modified in simplified data assimilation together with the lower and upper
limits of F acP (reactions additionally considered in the assimilation process are denoted by
an *.

 22 

 Table 1: Parameters modified in simplified data assimilation together with the lower and 

upper limits of FacP (* reactions additionally considered in the assimilation process).  

 

Reaction 
number

Photolysis reaction Limits

1 NO2+hv     O3+NO 0.6 - 1.4
11 HCHO+hv   2HO2+CO 0.6 - 1.4
4* HONO+hv     OH+NO 0.6 - 1.4

Photolysis rates

Rate 
number

Reaction Limits

6 O3+NO       NO2+O2 0.6 - 1.4
9 HO2+NO     NO2+OH 0.6 - 1.4

24 OH+NO2       HNO3 0.6 - 1.4
29 CO+OH      HO2+CO2 0.6 -1.4
30 CH4+OH    MO2+H2O 0.6 - 1.4
53 ACO3+NO2      PAN 0.6 - 1.4
54 PAN      ACO3+NO2 0.6 - 1.4
67 ACO3+NO    MO2+NO2 0.6 - 1.4
15* NO+OH       HONO 0.6 - 1.4
27* OH+HO2    H2O+O2 0.6 - 1.4
41* HCHO+OH    HO2+CO+H2O 0.6 - 1.4
42* ALD+OH      ACO3+H2O 0.6 - 1.4
47* OP1+OH      0.5(MO2+HCHO+OH) 0.6 - 1.4

Reaction rates

Emissions 

 Classes  Species group Species name Limit 

1 SO2 Sulfur dioxide 0.66 - 1.5 
2 NO2 Nitrogen dioxide 0.66 - 1.5 
3 NO Nitric oxide 0.66 - 1.5 
4 ALD+HCHO+KET Carbonyls 0.5 - 2.0 
5 HC3+HC5+HC8+ETH Alkanes 0.5 - 2.0 
6 CO Carbon monoxide 0.5 - 2.0 
7 OL2+OLT+OLI+ISO Alkenes 0.5 - 2.0 
8 TOL+XYL+CSL Aromatics 0.5 - 2.0 

 
Initial concentrations and boundary 

concentrations 

 Species number in 
the model Species Limits of 

init. conc. 

Limits of 
bound. 
conc. 

3 NO2 0.75 - 1.3 0.6 -1.4 
4 NO 0.66 - 1.5 0.6 -1.4 
5 O3 0.83 - 1.2 0.6 -1.4 
9 HCHO 0.66 - 1.5 0.6 -1.4 

18 PAN 0.66 - 1.5 0.6 -1.4 
23 CO 0.66 - 1.5 0.6 -1.4 
25 OLT 0.66 - 1.5 0.6 -1.4 
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Table 2. Ranking of sensitivities. 

 

Consec. number Sensitivity (ppb)2 Parameter 

1 -171.9 Photol. rate No. 1 
2 160.2 React. rate No. 6 
3 159.5 NO emissions 
4 -128.7 O3 bound. Cond. 
5 -123.4 O3 init. cond. 
6 60.1 React. Rate No. 24 
7 -39.9 React. rate No. 9 
8 -35.2 Photol. rate No. 11 
9 -30.9 React. rate No. 54 
10 -29.1 React. rate No. 67 
11 -28.8 React. rate No. 30 
12 28.8 React. rate No. 53 
13 -26.8 OLT emissions 
14 -21.6 XYL emissions 
15 -18.9 React. rate No. 29 
16 -18.0 OL2 emissions 
17 -16.9 HC5 emissions 
18 -16.4 HC3 emissions 
19 -14.3 HC8 emissions 
20 -10.2 CO emissions 
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Fig. 1. Schematic representation of the KAMM/DRAIS model system.
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Fig. 2. Wind distribution and ozone concentration distribution near ground level for 20 July
1998 and afternoon flight track (thick blue line) of the IBUF aircarft.
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Fig. 3. Diurnal cycle of ozone concentration measured at ground level for the Eichstaedt and
Menz stations compared to the results simulated with 2 km and 20 km grid resolution (see
Sect. 3.2).
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Fig. 4. Comparison of wind direction along the flight track of IBUF.
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Fig. 5. Comparison of ozone concentration along the flight track of IBUF.
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Fig. 8. Diurnal cycle of ozone production rate caused by chemical reactions in layer 3 over
three regions.
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Fig. 13. Maximum sensitivity of the distance function (Srf ) related to the reaction rates (F acR).
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Fig. 15. Diurnal cycle of the ozone concentration at ground level for the stations of Eichstaedt
and Menz (K/D : Reference case with 20 km resolution, DA : Data assimilation, EI : Emissions
and Initial concentrations; RR : Photolysis – and other Reaction Rates; BC : Boundary concen-
trations).
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