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Abstract. The Berlin Ozone Experiment (BERLIOZ) was timated. The agreement is still acceptable when the parame-
carried out in summer 1998. One of its purposes was theers in the other sets are modified together. The investigation
evaluation of Chemistry Transport Models (CTM). CTM demonstrates that an analysis of this type can help to explain
KAMM/DRAIS was one of the models considered. The inconsistencies between observations and simulations. But
data of 20 July were selected for evaluation. On that dayijn the case considered here the inconsistencies cannot be ex-
a pronounced ozone plume developed downwind of the cityplained by an error in only one parameter set.

Evaluation showed that the KAMM/DRAIS model is able to
reproduce the meteorological and ozone data observed, ex-
cept at farther distances (60—-80 km) downwind of the city. In ;
that region, the DRAIS model underestimates the measured

ozone concentrations by 10-15 ppb, approximately. The Berlin Ozone (BERLIOZ) Experiment (Becker et al.,
Therefore, this study was conducted to detect possible reat999) was carried out in the period between 13 July and
sons for this deviation. A comprehensive sensitivity analysis9 August 1998, as part of the German Tropospheric Research
was carried out to determine the most relevant model paramProgramme (TSF). The experimental domain comprised the
eters. The adjoint DRAIS model was developed for this pur-city of Berlin and an area within a radius of about 100 km
pose, because for this study the application of this model isaround the city. The experiment mainly served to study the
the most effective method of calculating the sensitivities. Thetransport and chemical transformation processes in the urban
least squares of the measured and simulated ozone conceplume of Berlin under photo-smog conditions. The study fo-
trations between 08:00 UTC and 16:00 UTC at two stationscused on the production of ozone and other oxidants. How-
30 km and 70 km downwind of the city centre were chosen asever, the data were also used for evaluating Chemistry Trans-
distance function. The model parameters considered in thiport Models (CTM). As the chemical production of oxidants,
study are the complete set of initial and boundary speciegspecially ozone, depends on a large number of parameters,
concentrations, emissions, and reaction rates, respectivelynany experiments have been carried out to analyze the rele-
A sensitivity ranking showing the relevance of the individ- vance of the processes involved. Urban plumes are of special
ual parameters in the set is determined for each parameténterest because of their limited extension and the possibil-
set. ity to relate the plume to the emissions from the city. Unlike
In order to find out which modification in the parameter other experimental sites in Europe located in complex terrain,
sets most reduces the cost function, simplified 4-D data ase.g. Athens (Peleg et al., 1997), Madrid (Plaza et al., 1997),
similation was carried out. The result of this data assimila-Milan (Prevot et al., 1997), and Vienna (Wotava et al., 1998),
tion shows that modifications of the reaction rates provideBerlin was selected because of its location in a flat environ-
the best agreement between the measured and the simulatetent extending approximately 100 km around the city. The
0zone concentrations at both stations. However, the modifiedirban plume is not influenced by any other major sources in
reaction rates seem to be unrealistic for the whole simulatiormany directions.
period. Therefore, the good agreement should not be overes- In an earlier study, a simulation using the KAMM/DRAIS
model was conducted for 20 July (Nester et al., 2000). Its
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et al. (1997), additional mass budget calculations were permeters is the application of the adjoint DRAIS model, which
formed (Panitz and Nester, 2002) to determine the relevanhad been developed for this specific purpose. Besides de-
processes as function of time and space. Those evaluatiortermining sensitivities, simplified 4-D data assimilation was
showed the KAMM/DRAIS model to be able to reproduce carried out to identify those parameter uncertainties, which
the observed data, except the ozone concentrations at greatgrobably cause the discrepancies between the measured and
distances (60—-80 km) downwind of the city of Berlin. In this the simulated ozone concentrations.

region, the model underestimated the observed ozone con-

centrations by 10-15 ppb. Statistical investigation of the un-

certaintigs inherent in the DRAIS model (Nester and.Panitz,2 Simulations by the KAMM/DRAIS model and results

2004) with respect to ozone shows that such deviations oc-

cur durlng d_aytlme in some 25% of the cases compared. Al 1 The KAMM/DRAIS model system

though this is not a rare incidence, there seems to be a defect

in the model proper or in the model parameters, because thi’T‘he KAMM/DRAIS model system (Fig. 1) consists of the

deviation is restricted to one particular region. ) . .
The main purpose of this investigation is to identify possi- meteorological model KAMM (Adrian and Fiedler, 1991)

ble reasons for the deviations between the observed and tl%gd'vme Fj|sperS|onhrrljodeI D-RAésl(Nlester agd|F|e(iII(_er, 19:2)'
calculated ozone concentrations in the city plume at greatel‘ IVl 1S a non- y.rostatlc uierian model soving t.e
distances. Also, it is of general interest to quantify thoseNawer—Stokes equqtlons of motion, the continuity eqqatlon,
model parameters which could most likely be responsible forand the heat equation. It calculates the space and time de-

the deviations. In order to determine the most relevant parapendent d|str|but_|ons (_)f the W'r.‘d" temperature-,_ humidity,
meters, a sensitivity analysis was carried out. and turbulence fields in a terrain following coordinate sys-

Sensitivity studies for CTM’s have already been carried €M which allows better resolution close to the ground than

out in order to quantify the impact of parameter modifica- at higher levels. The model is driven by a geostrophic, hydro-

tions on air quality, especially the peak ozone conc:entration.St"’ltiC basic state representing the large-scale synoptic con-

Usually, these studies are based on emissions and/or bounglt'ons' Flgrth_ermore, nu((jjgmg f;}eld}i:h;'\\/ﬂvmd Snld tzmp_eir-
ary conditions as model parameters (Palacios et al., 2ppAture can be incorporated into the model. A Soll-

Hogrefe et al., 2004; Dufour et al., 2005). These studies aré/egetation model (Séuller et al., 1990) describes the in-

based on different parameter scenarios. They do not calcuferaction between the soil and the atmosphere. It calculates

late sensitivities related to individual species at certain gridthedftlﬁXes ofth(:.at and dhg"]['d'ty ulr:he SO"{ t:e tweeg tt:: © StO'I
points of the model. In order to perform such detailed sen-2nd (he vegelation, and between the vegetation and the atmo-

sitivity analysis usually adjoint modelling is applied often sphere as well as the momentum. flux. to the grgund.
together with data assimilation. A fundamental sensitivity ~1he model DRAIS solves the diffusion equation on an Eu-
study using the adjoint method with emissions as paramele”a” grid using the same terrain following coordinate sys-
ter was published by Elbern et al. (2000). Sensitivity studiestém as the KAMM model. It calculates the concentration
with distance functions based on ozone concentrations wergistributions of all chemical species considered in the gas
carried out by Elbern and Schmidt (2001), using the initial Phase reaction mechanism RADM2 (Stockwell et al., 1990).
species concentrations as model parameter, and by Schmidf!is mechanism takes into account 158 reactions among 62
and Martin (2003) with the emissions as parameter. OtheSPecies, 21 of them are photolytic reactions. It explicitly in-
studies of this kind were published by Vautard et al. (zooo)tegrates 41 species concentrgtlons. Elghteen short-lived sub-
and Vautard et al. (2003), based on data from the Paris restances are co_n&dered to be in a quasi stgady state._Methane,
gion. Menut (2003) investigated the sensitivity of a greater®XYgen, and nitrogen are held constant with appropriate val-
number of relevant parameters on the ozone concentration iHeS: The dry deposition distributions of the different species
Paris. are calculated using their dry deposition velocities (Baer and
The aim of the sensitivity analysis and data assimilationNester, 1992), which are parameterized by a big-leaf multi-
presented in this paper differs from those of the studies menP!€ resistance model.
tioned above. It is based on a distance function related to the A local first order approach is chosen for vertical diffu-
o0zone concentrations at two stations located in the city plumesion in the stable and neutral boundary layer. A non-local
of Berlin and four different parameter sets. The latter are thesimilarity approach is used in the convective boundary layer
initial and the boundary conditions of the species concentra{Degrazia, 1988).
tions, emissions, and reaction rates. The sensitivities are cal- Initial and boundary conditions for the DRAIS model can
culated at each grid point and for all species considered in thée derived either from concentration measurements or from
model. This study goes into more details than investigationghe results of larger scale models. The necessary emission
carried out so far. data comprise anthropogenic and biogenic emissions. The
The most effective method to determine sensitivities of anthropogenic emissions are input data, whereas the biogenic
a distance function with respect to a great number of paraeones, which depend on land-use, temperature and radiation,
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Fig. 1. Schematic representation of the KAMM/DRAIS model system.
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the DRAIS model were determined from the results of the

European scale model EURAD (Ebel et al., 1997). The gridFig. 2. Wind and ozone concentration fields near ground level for

size for this simulation was 18 km. Only the ozone profile 20 July 1998 and afternoon flight track of the IBUF aircraft.

at the upper levels (1.5-5 km) was modified in line with the

measurements carried out by the IBUF aircraft (Corsmeier

et al., 2002). The emission data for this episode were pro- The diurnal ozone concentration cycles at two stations

vided by IER, Stuttgart. Land use and topography data wereare presented in Fig. 3. At the Eichstaedt station, roughly

taken from the database supplied by IMK-IFU, Garmisch- 30 km downwind of the city centre of Berlin, the simulated

Partenkirchen. ozone concentrations fit measurements quite well. However,
The ozone concentration distribution near ground level atat Menz station, about 70 km downwind of the city centre,

15:00 UTC on 20 July 1998, shows a pronounced ozonehe simulated ozone concentrations underestimate the mea-

plume downwind of the city of Berlin (Fig. 2). The maxi- sured ones. A similar result is obtained when comparing the

mum ozone concentration in this plume is 68 ppb. It occursozone concentrations measured along the flight track of the

at a distance of about 70km. Air masses with high ozonelBUF aircraft (see Fig. 2) with the corresponding simulated

concentrations are transported over the southern boundary aoncentrations. The flight track begins on the upwind side

the model domain. about 50 km southwest of Berlin, crosses the city, and it ends
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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. Fig. 5. Comparison of ozone concentration along the flight track of
IBUF.

about 100 km downwind. Along this flight track, the air- )

craft flew at different altitudes. As can be seen from Fig. 4,2-3 Mass budget components of ozone in four layers over
the wind direction measured during the flight is simulated three regions

well by the model. A similar agreement is found for the

wind speed, the temperature and the humidity. The simu-The mass budget module in the KAMM/DRAIS model cal-
lated ozone concentration along the flight track also agreesulates the contributions of different processes to the change
quite well with the observations, except for two time periods in the mean concentration in a predefined volume (Fig. 6).
(13.8 UTC and 15.1 UTC). During these two periods the air-Production and loss terms are marked P and L, respectively.
craft flew in the area around and north of Menz where theMore details are published in Panitz et al. (2002).

model underestimates the measured ozone values by about The calculations were performed for three regions (Fig. 7).
10-15ppb (Fig. 5), while the meteorological conditions are The first region comprises the city of Berlin, two others are
simulated well. located north of the city. The ozone plume of the city crosses
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These layers have been chosen with respect to the boundary *°]
layer structure during the afternoon, when the aircraft = |
measurements took place. They have to be the same ovef |
the whole simulation period in order to allow a comparison - ,,
of the results. Although all mass budget components were= |
determined, only the changes in ozone concentration dueg zo-
to chemical transformations are presented. Determining :

H H i = 0.0 e Y
thls quantity was one of the purposes of the egperlment.; | s N
Figure 8 shows the hourly change in the chemical ozone: % &aove:
net production rate in layer 3 above all regions. Duringthe =° 7 4 8T E T TR L T e T S e e

TIME (UTC)

afternoon hours, the net production rates are nearly the same

in the regions 1 and 2, whereas the rate is obviously lower Ir‘Zig. 8. Diurnal cycle of ozone production rate caused by chemical

region 3. reactions in layer 3 over three regions.
During the afternoon the ozone net production in the ur-

ban plume reaches a level of about-6150 ppb/h, as derived
from aircraft measurements on the downwind side of the citycentrations at Menz by the model might be caused by too

(Corsmeier et al., 2002) The aircraft flew at different levels low ozone net production rate in the C|ty p|ume at farther
in the lower mixing layer (layer 3 in our mass balance cal- distances.

culations), and it crossed regions 2 and 3 several times. The
simulated ozone net production rate has been averaged over
the time periods when the aircraft crossed the two regions
resulting in 5.1 ppb/h and 3.5 ppb/h for regions 2 and 3, re-

spectively. For region 2 this is still in acceptable agreement

with the value derived from the aircraft measurements. The Sensitivity study was performed to find the reasons of the
ozone net production rate in region 3 is obviously too low. discrepancies identified in 0zone concentrations. In our case,

For the city region, values of 4451.0 ppb/h and 5.0 ppb/h sensitivity is defined as the parameter derivativgdp of a

are calculated for the measured and the simulated ozone ngfStance function/. This function is defined as
production rates, respectively. » 16

The results of this comparison give an indication that the ; _ Z ) 2
. . J = (CS,I - Cm,t)[ (1)
reason for the underestimation of the observed ozone con- r

3 Sensitivity analysis

=1 i=
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with: development of such a model is not easy and a long lasting
task, it has been carried out resulting in the adjoint DRAIS

C,,i: simulated ozone concentration for the tim@TC), model.

Cn,.i: measured ozone concentration for the tinfegf TC),

I=1: at Eichstaedt station (see Figs. 2 and 3), 3.1 The adjoint DRAIS model

[=2: at Menz station (see Figs. 2 and 3).
( g ) The sensitivities described before can be calculated with the

The value of the distance function describes the qua|_tangent linear model, which is determined by building the

ity of the agreement between the measured and th&lerivative of the variables of the original model related to
calculated ozone concentrations at the stations Eichstaedt Model parametefC/dp. Because the sensitivities of the
and Menz during daytime. The lower the value is, the betterdiStance function depend on these variables, they can be cal-
the agreement. The ozone concentrations at both station@lated using the results of the tangent linear model. The dis-
were selected as representative for the 0zone concentratiofdvantage of this method is the fact that for each parameter a

in the plume closer and farther away from the city of Berlin. S€Parateé simulation has to be carried out. It would be much
Four parameters are selected for the analysis: more effective if the sensitivities of the distance function re-

lated to many parameters can be calculated simultaneously.
Emissions, Using the adjoint model instead of the tangent linear model
allows such an effective calculation. The adjoint model can
be derived from the tangent linear model by applying the re-
boundary values of species concentrations, lation between both model operators and variables, which is
given by Eq. (2).

initial species concentrations,

reaction rates

. . . <g"Mg>=<M"g" g > )
Meteorological variables are not considered as model para-

meters, because, on one hand, we put much effort into thevhere
modelling of the meteorological conditions. In order to get a <A;B> is the symbol of the inner product of the expressions
good agreement between measured and simulated meteord-andB.
logical quantities, several simulations with the meteorologi- g= gradient, § C/dp), which is the variable in the tangent
cal model KAMM have been carried out using the nudging linear DRAIS model
procedure being part of the model system. Wind speed ang*= adjoint gradient, which is the variable in the adjoint
direction as well as temperature and humidity along the flightDRAIS model
route of the IBUF aircraft are well simulated. The bound- M’= model operator of the tangent linear DRAIS model
ary layer height derived from the aircraft measurements mayM’*= model operator of the adjoint DRAIS model.
vary between 1500 m and 1800 m compared to the modelled
value of about 1600 m. The derivation of the adjoint model equations is not
On the other hand, from the model’s underestimation ofthe task of this paper. There are several publications
the net ozone production rate in the city plume at farther dis-(Talagrand and Courtier, 1987; Pudykiewicz, 1998; Ustinov,
tances it can be assumed, that parameters of the chemist®001), where the procedures are presented in more detail.
model are probably responsible for the ozone deficits found Although programmes exist for automatic transformation
at Menz station. of the original code into the tangent linear and the adjoint
Furthermore, the BERLIOZ episode we are consideringcodes (TAMC, Giering and Kaminski, 1998; Odyssee, Ros-
has also been modelled with the EURAD model. This modeltaing et al., 1993), the adjoint DRAIS model was developed
uses the same chemical mechanism as the DRAIS modehanually. Unlike the adjoint CHIMERE model (Schmidt
does. But the parameterizations in the meteorological parand Martin, 2003), however, it is not coded line by line in
are different from those in the KAMM model. However, the accordance with the principles of automatic transformation.
results of both model systems show similar czone concentraThe adjoint DRAIS model is derived from the tangent linear
tions at the station Menz. This is an additional indication thatmodel of DRAIS, which uses the same difference approx-
the deficit, we are looking for, is not caused by the meteoro-imations as the original model. Equation (2) is applied to
logical model. determine the adjoint DRAIS model equations as in the pro-
Several possibilities exist to calculate the sensitivities de-cedure given by Ustinov (2001). Instead of differential equa-
scribed before. Since we are interested in the sensitivities ofions, difference equations are used to obtain the adjoint dif-
the distance function related to a large number of parameference equations. This is advantageous because the results
ters at all grid points of the model domain, it is necessary toof the sensitivity analysis using the adjoint model can be bet-
have a methodology that allows calculating these sensitivitieger compared with those achieved when applying the tangent
simultaneously. Such an effective way of calculating the sendinear and the original models. The structure of the adjoint
sitivities is the application of an adjoint model. Although the DRAIS model is similar to that of the original model and
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the tangent linear model. Of course, the subprograms are awith the original model using the parameter valuesAp.
ranged in inverse order. As far as possible the subprogram$he comparisons have been performed not only at those grid
are coded corresponding to the original model. These manpoints with the highest sensitivity values, but also at a lot of
ually coded programmes offer the advantage of clear strucether grid points. Of course, the results were not identical.
tures and can be optimized with respect to storage requireAfter the test calculations the relative error between both re-
ments and computing time (Elizondo et al., 2002). sults was less than 1%, at least for the higher sensitivity val-

ues.
3.1.1 Advection scheme

3.2 Results of sensitivity analysis
In the original DRAIS model, a second-order non-oscillatory

Flux Corrected Transport (FCT) advection scheme with lim- The sensitivity of the distance function relative to the para-
iters is implemented. In addition, divergence correction ismeters mentioned above is calculated for each grid point. For
used. To avoid problems in the adjoint scheme (Thuburn andhese calculations, the grid size was increased by a factor of
Haine, 2001), this scheme was used without limiters. It is10 because of the large number of data to be stored. In ad-
now linear and of second order, but no longer monotone. Thalition, the simplified data assimilation (Sect. 4) takes a lot
results of the original and the modified advection schemesf computing time. The increase in grid size allows a large
differ only slightly. The distance function (Eg. 1) decreasesnumber of simulations to be run with acceptable storage and
by only approx. 3%. The adjoint advection term was derivedrun times. Also, more test calculations can be performed.
from Eq. (2) with the modified difference scheme used for The KAMM/DRAIS simulations (Sect. 2.2) were repeated
advection. It differs slightly from the tangent linear advec- with a coarse horizontal resolution of 20 km. During the day,
tion scheme with inverse velocities. The divergence correcdifferences between the diurnal cycles of ozone concentra-

tion term is omitted in the adjoint advection scheme. tions resulting from simulations with grid resolutions of 2 km
- and 20km are rather small at both stations, Eichstaedt and
3.1.2 Diffusion scheme Menz (Fig. 3). Therefore, it may be sufficient to calculate

sensitivities with the coarser grid.
The sensitivity,S,,, of the distance function], relative to
a model parametey is defined as:

Diffusion is approximated in the original and the tangent lin-
ear model by central differences. This approximation can
also be applied in the adjoint DRAIS model using the adjoint
deposition velocity. Sp=09J/dp 4)

3.1.3 Chemical reaction terms In the analysis below, the parameter, is replaced by the
reference valuep,, multiplied by a factor,f,,, which is the

The chemical reaction terms in the original DRAIS model are new parameter replacing

non linear. They are linearized in the tangent linear model.

The linearized chemical reaction terms can be written as a® = Po X fp

nxn matrix, where n is the number of variablés;; /9 p, in

. is constant representing the original value applied in the
the tangent linear model. Po P ¢ g bp

reference DRAIS model simulation. This transformation is
n helpful for those parameters, which are time dependent like

d(dCi/dp)fdi =) AgidCri/dp k=1n (3)  the emissions. By usingj, instead ofp, the sensitivity de-
i=1 pends only on the level and not on the shape of the diurnal

These variables are the model parameter derivatives oVariation of parametep. For a better comparison of the sen-

the chemical species concentrations in the original DRAISsitivities this transformation was applied to all parameters.

model. In the DRAIS model, 41 transported and 18 di- The sensitivity (Eq. 4) is now defined as:

agnosed species are considered, thus, n=59. In the adjoint

DRAIS model, the transpose of this matrix is employed. TheS» = (84/9fp)/po= Ssp/po

procedure to solve Eg. (3) is the same in both models and corgii

responds to the QSSA method used to integrate the RADM2

chemical mechanism (Chang et al., 1987). Sgp =09J/0fp. (5)
3.1.4 Test calculations The sensitivity,S¢,, used below, is now related to the param-
eter, f).

The correctness of the adjoint DRAIS model was tested by The simulation starts at 00:00 UTC and runs till
sensitivity calculations for a large number of model parame-05:00 UTC. The results of this first run are used as initial
ters at different grid points. The sensitivities of the distanceconditions for a second one running from 05:00 UTC till
function calculated by applying the adjoint DRAIS model are 21:00 UTC. The time of initialization for the calculation of
compared with the sensitivities derived from two simulations the sensitivities is 05:00 UTC. This initialization time was

www.atmos-chem-phys.net/6/2091/2006/ Atmos. Chem. Phys., 6, 2006-2006
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same grid pointin the centre of the model domain. If the peak
values are summed up, the absolute value is about 10% lower
o than the maximum sensitivity relative to NO. This means that
the influence of the hydrocarbon emissions on the distance
function is nearly the same as the influence of the NO emis-
sions, but with inverse sign. The peak sensitivity related to
alkenes emissions is higher than those of alkanes, carbonyls,
and aldehydes. The sensitivity related to CO emissions cor-
responds to that of aldehydes. To obtain a lower distance
function, NO emissions must be reduced while hydrocarbon
and CO emissions must be increased. Beside the local maxi-
o no2 ll ao Hes  Hes co o ToL  Kker 180 mum sensitivities those integrated over the whole domain are
- calculated. Based on absolute values, the sensitivity ranking
o does not change. It is the same as for the consideration of
local maxima. But the sensitivity relative to NO emissions is
nearly a factor of two higher than the absolute value of the
sensitivity related to the hydrocarbon emissions.
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Fig. 9. Maximum sensitivity of the distance function related to the o ) ) ) o
emissions. The sensitivity of the distance function relative to initial

species concentrations is defined as in the previous case:

chosen, because it is short after sunrise, when daytime chensi = 9J/9/i (7)

istry is activated. Additionally, the ozone concentration cal- The sensitivities are calculated at each grid point for all 41

culated at 'th.e station Menz is still glose to the measuredSpeCieS listed in Appendix A. Again, the local maximum
value. Deviations occur only later during the day.

sensitivity for each species integrated over the time between
05:00 UTC and 16:00 UTC is considered (Fig. 10). As the
distance function depends on the ozone concentration, ozone
is expected to be the most sensitive species. The local peak
sensitivity for ozone{123 ppl8) is really the dominant sen-
Ste=0J/3fe (6) sitivity. The peak value occurs west of the city centre in a
height of about 750 m above ground. Further considerable
is calculated for all grid points where emissions occur, andvalues are found upwind of the city, also at higher levels.
for all species emitted. The local maximum$f, for each  The second species in the ranking list is PAN. Its peak sensi-
species, integrated over the time between 05:00 UTC andivity value is about a factor of 20 lower than that for ozone.
16:00 UTC, is plotted in Fig. 9 arranged by the numbersThus, it can be concluded that modifications of the concen-
they posses in the emission inventory of the original DRAIS trations of all non ozone species have only a minor influence
model (see Appendix A). Negative sensitivity means that anon the distance function. This statement is confirmed by the
increase in emissions of this species reduces the distancsensitivities integrated over the model domain. A special role
function, thus furnishing better agreement of the measuregblays the sensitivity with respect to NGvhose peak value
and the simulated ozone concentrations at the stations Eichis positive in contrast to the sensitivities for all other species.
staedt and Menz. As the distance functidndepends onthe Considerable positive sensitivities related to NéDe found
ozone concentrations, it is no surprise that NO is the mosin and around Berlin up to a height of 500 m. In still higher
sensitive species. High values of positive sensitivity relatedevels the sensitivities are negative. Close to the ground the
to NO emissions occur in the area of the city of Berlin close sensitivities related to the initial NOconcentrations show
to the ground and also in higher levels. Negative sensitivitiethe same positive sign as for the N@&missions. But in the
occur also close to the ground but upwind of the city. But upper levels there is another regime, where an increase of the
the highest absolute value occurring in these regions is mor&lOx concentration causes a production of ozone downwind
than a factor 10 lower than the maximum sensitivity of aboutof the city. Because of these two different regimes, the sen-
160 ppB that is found in the city of Berlin. sitivity for NOy integrated over the model domain does not
The main sensitivities related to the hydrocarbons appeareflect the real importance of this species compared to the
close to the ground in and around the city of Berlin. Only other non ozone species. Therefore, its place in the ranking
negative sensitivities are calculated. The maximum valuegabsolute values) of the integrated sensitivities is below that
of the sensitivities relative to hydrocarbons are located at theof the ranking list based on the local peak sensitivities.

3.2.1 Emissions

The sensitivity of the distance function related to emissions,
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Fig. 10. Maximum sensitivity of the distance function related to the Fig. 11. Maximum sensitivity of the distance function related to the
initial conditions. boundary conditions.

3.2.3 Boundary species concentrations are calculated and the shape of the distribution of the sensitiv-

o ) ) ities at the southern boundary is similar to that of PAN. At the
The sensitivity with respect to the boundary species concengg thern boundary there is a low N@oncentration regime

trations is defined in the same way as for the previous Pararesyiting in negative sensitivity values for NOIf we look

meters. to the sensitivities for the different species concentrations in-
_ tegrated over the model domain, the ranking of the absolute
Spp=09J/0fs ®)  Values is similar to that for the local peak sensitivities. This

Boundary values are taken into account for those 41 specie@€ans that the integrated sensitivities provide no important
listed in Appendix A. Figure 11 shows the maximum Sen_furthe_r information. The sensitivity values .for all species are
sitivity related to all these species. As expected, the mosfi€gative. Therefore, a decrease of the distance function re-
sensitive species again is 0zone. Two maxima occur at th@uires an increase of the concentrations at the western and
western and southern boundary. The negative peak valugouthern boundary.

(—189 ppB) is located in a height of 1900 m above ground
at the western boundary, about 80 km north of the south-we
corner of the model domain. An absolute sensitivity max-
imum in such an altitude at the western boundary is only
found for ozone. It can only be explained by the fact that
ozone is transported to the area of Menz in the upper Iay-Sf =3J/0f, 9)

ers, and then mixed down to the ground. The secondary

peak value for ozone—98 ppl¥) is located 60 km east of are calculated at all grid points and for all 21 photolysis reac-
the south-west corner in a height of 1100 m. Between thesdions (Stockwell, 1990). The local maximum values for each
two peaks, further sensitivities with rather high values occurphotolysis rate integrated over the time between 05:00 UTC
along the western and southern boundary. Corresponding tand 16:00 UTC are plotted in Fig. 12. Reaction (1) describes
the results for the initial conditions, the maximum sensitivity the photolysis of N@ to NO and Q (see Table 1). This is
for PAN is about a factor of 20 lower than that for ozone. It the most important photolysis reaction influencing the pro-
is located at the southern boundary, 80 km east of the southduction of ozone. Therefore, it is not astonishing that the
west corner in a height of about 700 m above ground. Thepeak sensitivity for this reaction rate is the dominant one in
maximum sensitivity related to the hydrocarbons is lowerFig. 12. The local maximum sensitivity-(L72 ppl) is lo-
than that for the initial hydrocarbons. The peak sensitivity cated close to the ground in the area of Menz. Further high
values are also located at the southern boundary in altitudesensitivity values are found up to a height of 750 m. Lower
between 100 and 700 m. Different to the result for the initial sensitivities are calculated at grid points south of the Menz
conditions is the sensitivity for N No positive sensitivities  area in the same layer, The next important reaction is the

s§'2'4 Photolysis rates

The sensitivities of the distance function with respect to the
photolysis rates,
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Table 1. Parameters modified in simplified data assimilation together with the lower and upper limit€adctions additionally considered

in the assimilation process).

Photolysis rates

Emissions Reaction number Photolysis reaction Limits
Classes Species group Species name Lim 1 NO2+hwv->03+NO 0.6-1.4
1 S02 Sulfur dioxide ~ 0.66-1.5 11 HCHO‘”hI;"’ 2HO2+CO  0.6-1.4
2 NO2 Nitrogen dioxide ~ 0.66-1.5 4 HONO+hv—>OH+NO  0.6-1.4
3 NO Nitric oxide 0.66-1.5
4 ALD+HCHO+KET Carbonyls 0.5-2.0 Reaction rates
5 HC3+HC5+HC8+ETH Alkanes 0.5-2.0
6 Co Carbon monoxide  0.5-2.0  Rate number Reaction Limits
7 OL2+OLT+OLI+ISO Alkenes 0.5-2.0
8 TOL+XYL+CSL Aromatics 0.5-2.0 6 03+NO->NO2+02 0.6-1.4
9 HO2+NO—-NO2+0OH 0.6-1.4
_ _ _ 24 OH+NO2>HNO3 0.6-1.4
Initial concentrations and boundary concentrations 29 CO+OH=>HO2+CO?2 0.6-1.4
Species number Species  Limits of Limits of 30 CH4+0OH->MO02+H20 0.6-1.4
in the model init. conc.  bound. conc. 53 ACO3+NO2-»PAN 0.6-1.4
54 PAN—ACO3+NO2 0.6-1.4
2 '\,11%2 g'ggj'g’ 8'2:1'2 67 ACO3+NGO->MO2+NO2 0.6-1.4
5 03 0.83-12 06-14 15: NO+OH—HONO 0.6-1.4
9 HCHO  066-15  0.6-14 27 OH+HO2-H20+02 0.6-1.4
18 PAN  0.66-15 0.6-1.4 41* HCHO+OH—HO2+CO+H20 0.6-1.4
23 CcO 0.66—-1.5 0.6-1.4 42* ALD+OH—ACO3+H20 0.6-1.4
25 OLT 0.66-1.5 0.6-1.4 47* OP1+OH-»0.5(MO2+HCHO+0OH) 0.6-1.4
5 - above ground. Further high sensitivities are calculated be-
g _ tween the ground and 750 m in the area of Menz and south
E 0 - - of it. The third place in the ranking of maximum sensitivi-
S - I ties belongs to reaction number 10, the photolysis of HCHO
§ ] to Hy and CO. ltis the largest positive maximum sensitivity.
o -50— However, this peak sensitivity is already a factor of 10 lower
§ _ than that for the photolysis rate number 11. The sensitivi-
o 7 ties for the photolysis rates integrated over the model domain
o 100 show the same ranking (Reaction 1, followed by 11 and 10).
= i Only the ratios between the absolute values of the three in-
2 s tegrated sensitivities are reduced by about 35% compared to
E -150— the corresponding ratios of the local peak sensitivities.
= |
§ il 3.2.5 Reaction rates
. |
A e B R BB 140 non photolytic reactions are considered in the RADM2
0 5 10 15 20 chemical mechanism. The sensitivities of the distance func-

Number of photolysis reaction

Fig. 12. Maximum sensitivity of the distance function related to the
photolysis rates.

photolysis of formaldehyde (GiD) to HO, and CO (Reac-

tion 11, Table 1), The peak sensitivity related to this photol-

tion related to these reactions rates
Sfr = 8J/afr

integrated over the time between 05:00 UTC and 16:00 UTC
are calculated at each grid point. The resulting local maxi-
mum sensitivities are plotted in Fig. 13. The eight dominant
reactions are listed in Table 1 (the first eight reactions). As
expected, the rate of the reaction betweera®d NO shows

(10)

ysis rate occurs in the area of Menz in an altitude of 400 mthe highest sensitivity. The peak sensitivity is calculated in

Atmos. Chem. Phys., 6, 2092206 2006
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the area of Menz close to the ground. High values are alsog
found up to an altitude of about 1500 m. In this layer remark-
able sensitivity values are also located south of the Menz
area. As can be seen from Table 1, the dominant sensitiv-
ities are related to reactions with NO, NCPAN, and OH.

Out of the eight peak sensitivities, three have a positive sign
(rate numbers 6, 24, and 53). They lead to a loss of ozone
or NO,. The other reactions produce M®©r other species
being relevant in ozone production. The distributions of the
sensitivities in the model domain related to the eight reac-
tions show a shape similar to that belonging to the reaction
between @ and NO.

The most relevant eight reactions based on the sensitivitiesg
integrated over the model domain and also their signs are the @
same as those derived from the local peak sensitivity values. x
Most of these reactions are also considered in the sensitivityg I R I L BN L B B

study by Menut (2003). 0 25 50 75 100 125
Number of reaction

a1
o
\

tivity of the distance function in pp

o
[

o Fig. 13. Maximum sensitivity of the distance function related to the
4 VanaUOn Of relevant pal’ametel’s reaction ra’[es_

After calculation of the sensitivities it is possible to select the
most relevant parameters that influence the distance functiodimited. The limits for the different parameters are also listed
The selection can be based on the peak sensitivities or oin Table 1.
the sensitivities integrated over the model domain. In most The limits for emissions are estimated from evaluations of
cases both data bases provide the same result. But in thoske Augsburg project (Slemr et al., 2002). For;$80 and
cases where the sensitivity distribution shows larger negativédO, emissions, the same uncertainty factor of 1.5 is used.
and larger positive values, the ranking of the integrated senThus, the lower limit of § is 1/1.5=0.66 and the upper limit
sitivities does not represent the real importance of the correis 1.5. Hydrocarbon and CO emissions are more uncertain.
sponding parameter. Therefore, a ranking of the parameteTherefore, a value of 2.0 is chosen, which corresponds to a
relevance based on the absolute values of the local peak setewer limit of 0.5.
sitivities is more reliable. The parameters selected are sum- The limits for the initial concentrations are estimated in a
marized in Table 1. similar way. For the initial NO concentration, the same limits
From the data in Table 1 it cannot be decided, which pa-are used as for the NO emissions, because the NO concentra-
rameter is most likely responsible for the observed discreptions mainly depend on local emissions. Nester and Panitz
ancies in the ozone concentrations at the station Menz. 11§2004) showed that differences of 20% can occur between
order to answer this question, we carried out simplified 4-Dthe measured and the simulated ozone concentrations. There-
data assimilation. It was conducted to find out which pa-fore, an uncertainty factor of 1.2 is taken for ozone. The
rameter modifications are able to diminish discrepancies iruncertainty in the initial N@ concentration lies between the
ozone concentrations in the city plume of Berlin observedvalues for NO and those for ozone because it is influenced
at greater distances. In this context simplified means that anore by chemical processes and long range transport than
background term in the distance function is not consideredthe NO concentration. The uncertainty factor for the initial
This simplified data assimilation provides a lower distancehydrocarbon concentrations should be lower than that of the
function compared to one which takes a background termemissions. Therefore, a value of 1.5 is chosen. This value is
into account. taken also for the initial concentrations of PAN and CO.

The main reason for using simplified data assimilation is As itis very difficult to define individual limits for the dif-
the lower expenditure and the not (well) known error corre-ferent parameters, the same limitations were chosen for the
lation matrix in the background term. The modified distribu- boundary conditions and the reaction rates. For both param-
tion of the relevant parameters in the model domain is lesster sets, a variation af40% is allowed (Menut, 2003). In
smooth than that calculated by data assimilation with back-order to avoid unrealistic parameter modifications, this rough
ground term. Because the main variations should be similargstimate of the limits seems to be acceptable.
the answer of the question risen before can be found also All simulations with the modified parameters started
with the results of the simplified data assimilation. In order at 05:00 UTC and ran till 21:00 UTC in the evening.
to avoid completely unrealistic results, parameter variation is05:00 UTC was chosen as initialization time, because it is
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Fig. 14. Iterative reduction of the distance function. Time in UTC
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short after sunrise, when daytime chemistry is activated. Ad- 70
ditionally, the ozone concentration calculated at the stationa
Menz is still close to the measured value. The assimilation c
window began at 08:00 UTC and ended at 16:00 UTC. Only g g | Beggfr;ig?e?f
in this time period, improved agreement between the mea-§ A n?odmcanon\

sured and the simulated ozone concentrations at the station% 404

N

r

7"" Assimilation window

of Eichstaedt and Menz is assured. It is interesting to see2 M A
whether there is better agreement also between 05:00 UTC8 30_; —_——t | . Sieas;”;%en
and 08:00 UTC as well as after 16:00 UTC. 2 ] i
R R . Q204 gy | h e Simul. DA-EI
Simplified data assimilation is carried out separately with © 1 — — . Simul. DA-RR
i) the initial conditions together with the emissions, as rec- 10 — SimuI. DA-RD
ommended by Elbern and Schmidt (2002), ii) the boundary ] '

conditions, and iii) the reaction rates including photolysis OTr—T T T T T T T T T 1
rates., respectively. Iterative reduction of the distance func- 0 2 4 6 8 10 12 14 16 18 20
tion is performed by the conjugate gradient method using Time in UTC

limits. The convergence of the distance function is plotted

in Fig. 14.

" : : . Fig. 15. Diurnal cycle of the ozone concentration at ground level
Th ndar nditions furnish the highest minimum of ) . i
e boundary conditions furnish the highest um o for the stations of Eichstaedt and Menz (K/D: Reference case with

the distance function. This res_u_lt IS not surprising, because i 0 km resolution, DA: Data assimilation, El: Emissions and Initial
takes more than 3 h that modifications in the boundary con-

__ e - . concentrations; RR: Photolysis — and other Reaction Rates; RD:

ditions cause modifications in ozone concentrations at thesoundary concentrations).

two stations considered in the distance function. Moreover,

ozone concentrations are modified similarly at both stations.

At Menz agreement cannot be improved significantly with- tive sensitivity values are calculated up to a height of about

out overestimating the ozone concentrations at Eichstaedz50 m. After the data assimilation, the M@hotolysis rate

This effect is reflected in the modified diurnal cycles of the in this volume is increased by the limiting factor of 1.4. Be-

0zone concentration for both stations drawn in Fig. 15. cause the N@photolysis rates used in the basic simulation
The lowest minimum of the distance function is calculated are valid for standard conditions without clouds, such a great

for the reaction rates. Ozone concentrations at the Menz antiicrease is not probable over the whole day. Similar results

Eichstaedt stations based on the modified reaction rates agr@se found for the modified C#D photolysis rate and other

quite well with the observations in the assimilation window relevant reaction rates. This means that the good agreement

(Fig. 15). This indicates that uncertainties in the reactionof the ozone concentrations at the Eichstaedt and Menz sta-

rates may be the cause of the discrepancies in ozone corions are probably caused by unrealistic modifications of the

centration. The sensitivity analysis of the photolysis ratesphotolysis and reaction rates.

shows that in the area of Menz and south of it high nega-
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Vqrymg the emissions together with the initiallcqnditions Table 2. Ranking of sensitivities.
furnishes less satisfactory agreement than modifying the re-
action rates does. In the volume around and above Berlin,

which is the most sensitive region, the emissions can reach Consec. number _ Sensitivity (pfp Parameter
also their maximum possible modifications after the simpli- 1 —188.8 O3 bound. cond.
fied data assimilation. Although these modifications may be 2 —171.9 Photol. rate No. 1
more realistic than in the previous case, the observed dis- 3 160.2 React. rate No. 6
crepancies in the ozone concentration can only be partly ex- 4 159.5 NO emissions
plained. It seems that errors in only one type of parameter Z _é§3l4 R;S;tln:;tzol{l]g. o
cannot explain the ozone discrepancies at Menz station. 7 _35_9 React.. rate Nd. 9

In the late afternoon, after 16:00 UTC (the end of assimi- 8 _352 Photol. rate No. 11
lation), the ozone concentrations in the KAMM/DRAIS ref- 9 -30.9 React. rate No. 54
erence simulation and in all runs with modified parameters 10 _29.1 React. rate No. 67
converge relatively fast. Especially, the increased ozone con- 11 —-28.8 React. rate No. 30
centration at the station Menz after 16:00 UTC is simulated 12 28.8 React. rate No. 53
properly neither by the reference run nor by the runs with 13 —26.8 OLT emissions
modified model parameters. This is an indication that addi- 14 —-21.6 XYL emissions
tional reasons could still be responsible for the discrepancies 15 —18.9 React. rate No. 29
between the measured and the calculated ozone concentra- 16 —18.0 OL2 emissions
tions at Menz station. In order to check the results discussed 17 —16.9 HCS emissions

. ) . 18 —16.4 HC3 emissions

above, corresponding comparisons have begn carried out 19 _143 HC8 emissions
based on the ozone concentrations at the stations Lotharhof 20 102 CO emissions

and Neuglobsow, which are located 15 km west-south-west
of Menz and 12 km north-north-west of Eichst, respec-
tively. The results for the station Lotharhof confirm those for
the station Menz. For Neuglobsow the results are similar toor the production of ozone. It was to be expected that other
those for the station Eichiit. But the best agreement is not parameters, such as the hydrocarbon and CO emissions, also
found for the modified reaction rates. This is an additionalshow relevant sensitivities (Table 2). However, their place
indication that the modified reaction rates may not be realisin the ranking list and their sensitivity values depend on the
tic. problem considered.
In addition, simplified 4-D data assimilations were per-
formed. The simulation with the modified reaction rates
5 Conclusions shows a remarkable reduction of the distance function. But
these reaction rates seem to be unrealistic for the whole sim-
On 20 July 1998, a day in the BERLIOZ experiment, an ulation period. Therefore, the good agreement of the mea-
ozone plume developed downwind of the city of Berlin. Al- sured and simulated ozone concentrations at Eichstaedt and
though the meteorological conditions and ozone concentraMenz stations should not be overestimated.
tions on the upwind side of the city are well simulated by The simulation with the modified emissions and initial
the model, the maximum increase in ozone concentration asonditions also produces a remarkable better agreement be-
observed in the plume is underestimated by 10-15 ppb at distween the measured and the simulated ozone concentrations
tances of 60—80 km downwind from the city. In this area, thecompared to the reference simulation. But the high ozone
ozone net production rate calculated by the model is lowerconcentrations in the afternoon are not completely repro-
than that derived from aircraft measurements. A sensitivityduced.
analysis was carried out to find the reason for this underes- The simulation with boundary conditions modified by data
timation. It is based on a distance function defined as theassimilation cannot describe the increase of the ozone con-
sum of the least squares between the measured and the sirentration in the morning hours.
ulated ozone concentrations at the stations of Eichstaedt and From all these results it can be concluded that the week
Menz during the period from 08:00 UTC until 16:00 UTC. agreement between the measured and simulated ozone con-
The emissions, initial conditions and boundary conditions,centration at Menz station cannot be explained by an error in
and the reaction rates are taken as model parameters. Thomly one parameter set of the reference run.
highest sensitivities are listed in Table 2 arranged by abso-
lute values.
Only five parameters show a sensitivity of more than
+100 ppl8. The others are a factor of two or more lower. The
first five parameters are directly related to the concentration
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Strictly speaking, the results of this study are of course ap-such a study may give more evidence than the results of this
plicable only to the DRAIS model and the specific episode.study. The ranking of sensitivities for other chemistry trans-
Although we could not clearly decide which parameters areport models and other questions in context with ozone con-
responsible for the observed discrepancies, the procedure entrations may be different, but the relevant parameters are
also applicable to other models and episodes. Discrepanargely the same, because they mainly determine the ozone
cies between measured and simulated species concentratioosemistry in such type of models. Therefore, it is not neces-
are often found and they are not a typical behaviour of thesary to repeat the whole sensitivity calculations. They can be

KAMM/DRAIS model system. In other cases the results of restricted to the relevant ones derived in this study.

Appendix A

List of RADM2 transported and emitted chemical species

Species Species name Chemical formula Symbolused Numberin
number inthe model  Emission inventory
1 Sulfur dioxide S0O2 S0O2 1

2 Sulfuric acid H2S04 SULF 2

3 Nitrogen dioxide NO2 NO2 3

4 Nitric oxide NO NO 4

5 Ozone o3 03

6 Nitric acid HNO3 HNO3

7 Hydrogen peroxide H202 H202

8 Acetaldehyde R-CHO ALD 5

9 Formaldehyde CH20 HCHO 6
10 Methyl hydrogen peroxide  CH3OOH OP1

11 Other organic peroxides R-OOH oP2

12 Peroxyacetic acid CH3COOOH PAA

13 Formic acid HCOOH ORAl

14 Acetic acid CH3COOH ORA2 7
15 Ammonia NH3 NH3 8

16 Dinitrogen pentoxide N205 N205

17 Nitrogen trioxide NO3 NO3

18 Peroxyacetylnitrate CH3CO3NO2 PAN

19 C3to 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 (60) CO 13
24 Ethene C2H4 oL2 14
25 Terminal alkenes (propene) e.g. C3H6 OLT 15
26 Internal alkenes (butene) e.g. C4H8 oLl 16
27 Toluene CH3C6H5 TOL 17
28 Xylene (CH3)2C6H4 XYL 18
29 Acetyl peroxyl radical CH3-CO3 ACO3

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

Atmos. Chem. Phys., 6, 2092206 2006
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