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a b s t r a c t

In this study, we investigated the effect of numerous regulations enforced since 1985 to

improve air quality on ozone in Europe with the focus on Switzerland, using the Compre-

hensive Air Quality Model with Extensions (CAMx) for a specific summer period. Several

emission scenarios for the year 2010 were also considered. The model results suggest that

the emission reductions of ozone precursors should have been effective to reduce ozone

production between 1985 and 2000 in northern Switzerland. However, observations do not

indicate any significant change in surface ozone levels since early 1990s, except in the region

of Zurich where there is a small negative trend. On the other hand, the model predictions

match very well the spatial variability of the trends but the calculated trends are around

0.5 ppb year−1 lower than those observed. This difference is similar to the background ozone

increase as suggested by the long-term observations at the high Alpine station Jungfrau-

joch. These results support the hypothesis that the decrease in local ozone production due

to emission reductions might have been partly or completely compensated by the simul-

taneous increase in the background ozone. In 2010, a strict application of the Gothenburg

Protocol in Europe would lead to a decrease in peak ozone concentrations by about 5% in

Switzerland under the meteorological conditions applied. Our calculations also indicated
that emission controls only in Switzerland would not be very effective to improve the air

quality in the future. The further development of the background ozone will in any case be

very important for the tropospheric ozone levels.
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driven vehicles (Colberg et al., 2005; Stemmler et al., 2005).
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. Introduction

ncreases of ozone concentrations in Europe by more than a
actor of two between the late 1950s and the early 1990s have
een documented for Alpine sites such as Arosa and Jungfrau-

och (Staehelin et al., 1994). This is commonly attributed to
he large increase in the anthropogenic emissions of ozone

recursors in the industrialized world. There are several mea-
urements (Prévôt et al., 1997; Neftel et al., 2002; Dommen
t al., 2002; Thielmann et al., 2002) and modelling stud-
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ies (Baertsch-Ritter et al., 2003; Andreani-Aksoyoğlu et al.,
2004) showing very high-ozone concentrations around Milan.
Anthropogenic ozone precursor emissions have been substan-
tially reduced in Switzerland and in the surrounding countries
since early 1990s. Road-tunnel measurements confirm the
successful introduction of catalytic converters in gasoline
Measurements at polluted sites confirm the decrease of the
primary pollutants such as NOx and total VOC by up to a factor
of two between the early 1990s and 2005, as expected from the
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national anthropogenic emission inventories (NABEL, 2005;
Hueglin et al., 2006).

Primary air pollutants significantly decreased in other
European countries as well, although the degree of reductions
differs from country to country. However, a recent data anal-
ysis of daily ozone maxima based on long-term (1992–2002)
monitoring measurements north of the Alps indicated a rather
small or no reduction (Ordóñez et al., 2005), confirming earlier
findings of Kuebler et al. (2001). Ozone levels during persis-
tent periods of hot and sunny weather frequently exceed the
legal threshold of 120 �g m−3 in Switzerland. The long-term
decrease of ozone for mean summer conditions is rather small
(between 0 and 0.5 ppb year−1) compared to the large reduc-
tion in ozone precursor emissions of Switzerland and Europe.
Brönnimann et al. (2002) first reported a steady increase in
ozone measured at Jungfraujoch in the 1990s and specu-
lated that the ozone increase in air advected to Europe might
have partially compensated the decrease in ozone maxima
in the Swiss Plateau. Further analysis of ozone background
changes were recently presented by Derwent et al. (2006).
The recent measurements consistently show an ozone back-
ground increase starting in the early 1990s (Simmonds et al.,
2004; Thouret et al., 2006; Zbinden et al., 2006). Ordóñez et al.
(2007) suggested that at Jungfraujoch increased stratospheric
ozone concentrations in the lower stratosphere and thus a
higher ozone flux from the stratosphere to the troposphere
was one of the main reasons for the background ozone con-
centration increase in the 1990s. Jonson et al. (2006) found only
reasonable agreement between the model and the European
wide EMEP monitoring measurements when they increased
ozone background concentrations using the measurements of
the background station Mace Head located at the west coast
of Ireland.

Emission reduction scenarios over the European scale for
a whole summer period in 2000 are available in the literature
(Tarrason et al., 2003). However, emission control scenarios for
specific periods are rare (Vautard et al., 2005). In this study a
photochemical episode in August 2003 was simulated. This
period was identified as an episode with very high temper-
atures and photochemical activity, leading to severe health
impacts in Europe (Keller et al., 2008; Vautard et al., 2005).
This heat wave is also taken as a prototype of future summer
weather in Europe (Vautard et al., 2007). Based on this specific
period, several scenarios were calculated in order to assess the
effect of emission reduction measures since 1985. In addition,
various future scenarios were simulated and discussed.

2. Methods

2.1. Model setup

In this study, the Comprehensive Air Quality Model with
Extensions (CAMx model, v4.11s) was used with two nested
domains (ENVIRON, 2004). The chemical mechanism used
in this study is the CBM-IV gas-phase mechanism (Gery et

al., 1989). Dry deposition of gases is based on the resistance
model of Wesely (1989). The coarse domain (domain 1) con-
tains 95 and 79 grid cells in the east-west and north-south
direction, respectively with a resolution of 27 km × 27 km and
Fig. 1 – Topography of model domains 1 and 2 with 27 and
9 km resolutions, respectively.

covers almost whole Europe (Fig. 1). The size of this domain is
slightly smaller than the model domain of the Swiss weather
forecast model aLMo (now called COSMO) which is used for
initialization and four-dimensional data assimilation of MM5
(see Section 2.3). The size of the fine domain (domain 2) is
74 and 56 grid cells with a resolution of 9 km × 9 km covering
Switzerland and partly also the surrounding countries. There
are 10�-layers in a terrain following Lambert Conic Conformal
coordinate system which is ideal for mid-latitude domains.
The CAMx layers were chosen from the corresponding MM5
vertical layers. At a surface pressure of 950 hPa the lowest layer
thickness is about 40 m. The model top was set at � = 0.55,
which corresponds to a geometric layer top at sea level of
about 4000 m. The initial and boundary conditions (IC/BC) for
the coarse CAMx domain were obtained from the global model
MOZART for the same meteorological period (Horowitz et al.,
2003) and the data for the fine grid are taken from the coarse
grid. In order to investigate the effect of different background
ozone concentrations in the future, two additional cases were
considered: at the beginning of the simulations the ozone con-
centrations in the whole domain were set to 50 and 70 ppb,
respectively. Calculations were performed using the emissions
for base case (2000) and various scenarios for the past (1985)
and for the future (2010) as well as for a hypothetical scenario
with zero anthropogenic emissions. Descriptions of scenarios
are given in Table 1.

2.2. Emissions

The annual emissions and time functions for Europe were pro-
vided by the Freie Universitaet Berlin (FUB). This inventory was
developed in the frame of the CITY-DELTA project (Stern, 2003;
Builtjes et al., 2002) and includes TSP, PM10, PM2.5, CH4, CO,
NH3, VOC, NOx and SO2 for the source categories as defined

in the SNAP (Selected Nomenclature for Air Pollution) classi-
fication. For the grid cells located in Switzerland, emissions
are replaced by the Swiss data. Gridded emissions refer to a
specific year. The European data set, for instance, are avail-
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Table 1 – Description of emission scenarios

Scenario Year Description

0 2000 Base case, current legislation
1 1985 Current legislation
2 2000 Economic development in 2000 as projected in 1985, no further legal limits of the emissions
3 2010 Emission reductions as agreed in the Gothenburg Protocol
4 2010 Current legislation
5 2010 Europe, Gothenburg target emissions; Switzerland, half of the Gothenburg target emissions

urg t
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6 2010 Europe, half of the Gothenb
7 2000 Europe, current legislation;

ble for 1995. To harmonize data from different sources and
eference years, emissions have to be converted to a common
eference year. Emissions for various countries and years are
vailable as annual totals of different species, split into a num-
er of source categories. On the European level, these totals are
vailable from EMEP (for the past) and from IIASA (for the past
nd the future). The RAINS (Regional Air Pollution Information
nd Simulation) model developed by IIASA provides a consis-
ent framework for the analysis of reduction strategies for SO2,
Ox, NH3, VOC and PM. Data can be calculated for 2000–2020

IIASA, 2004). However, the IIASA database does not include
O. To create a consistent database for the past and for the

uture, CO emissions for each SNAP category were calculated
ssuming the CO/NOx ratios to be the same as reported by
MEP for 2000.

The official annual Swiss emissions from 1900 to 2010 were
ublished in BUWAL (1995). Road traffic data from 1980 to
030 has been updated by Keller and Zbinden (2004). Factors
o extrapolate the data to the year of interest were derived
rom national totals of each SNAP categories provided either
y EMEP or by IIASA. In the first step the original European
ata has been converted from 1995 to the base case year 2000.
inally, TNO provided factors for each SNAP category to con-
ert VOCs to CBM-IV species. The seasonal, weekly and diurnal
ariations of the European emissions from the 10 SNAP source
ategories were taken into account by applying the time func-
ions included in the TNO/FUB/UBA inventory.

For Switzerland, the seasonal dependence of residential
nd industrial emissions, the weekly variation of industry, and
he diurnal patterns of residential, industrial and road traffic
missions were replaced by data provided by INFRAS. Annual
oad traffic emissions of NOx, CO, VOC, toluene, benzene and
ylene were prepared also by INFRAS. The spatial resolution

s 250 m and the reference year is 2000. An average diurnal
ariation was provided as well. Annual totals were published
n Keller and Zbinden (2004). Annual NOx emissions from the
esidential activities, heating, industry, off-road traffic and
griculture/forestry on a 200-m resolution were provided by
eteotest for the year 2000. The residential and industrial VOC

missions were extracted from the TRACT emission inventory
ith 5 km resolution (Kunz et al., 1995). Ammonia emissions

hat are released by manure, waste treatment and road traffic
ere provided by Meteotest as annual emissions for 2000 on a

-km grid.

Biogenic emissions are calculated using temperature and

rradiance dependent algorithms for the main tree species
ver the domain as described by Andreani-Aksoyoğlu and
eller (1995). In the biogenic emission inventory, the most
arget emissions; Switzerland, half of the Gothenburg target emissions
erland, zero anthropogenic emissions

abundant species are monoterpenes, which are emitted
mainly by Norway Spruce and fir trees. Less abundant,
but much more reactive is isoprene emitted by oak trees
and pasture. NO emissions are caused by bacteriological
decomposition in soils. Monoterpene and NO emissions are
temperature dependent, whereas isoprene emission is a func-
tion of both temperature and irradiance (Andreani-Aksoyoğlu
and Keller, 1995). Gridded biogenic emissions were calculated
directly for the CAMx domains by means of land use and mete-
orological data.

In general, emissions decreased between 1985 and 2000,
especially in the northern part of the model domain. In
Switzerland, the decreases in emissions were 40 and 50% for
NOx and VOC, respectively.

2.3. Meteorology

Meteorological parameters were calculated using the MM5
mesoscale meteorological model (PSU/NCAR, 2004) for 4–7
August 2003, starting on 4 August at 0000 UTC and ending
on 7 August at 2400 UTC. This version has new features for
the simulation in complex terrain (Zaengl, 2002). The model
parameters such as the simulation length and domain resolu-
tion were defined by the availability of input data and limited
computer resources.

Two model domains were specified in accordance with the
requirements of CAMx. There are 25 vertical �-layers extend-
ing the 10 CAMx layers up to 100 mb. MM5 is initialized by data
of the “alpine model” (aLMo) of MeteoSwiss. aLMo (now called
COSMO) is a non-hydrostatic model operational at MeteoSwiss
since April 2001. It is based on the Local Model (LM) (COSMO,
2002). In this study assimilated data were used as first guess
data. The simulations were nudged towards aLMo data using
the four-dimensional data assimilation (FDDA) option of MM5
to obtain as realistic meteorological fields as possible.

Weather conditions during the simulated period were char-
acterized by low-pressure gradients over Central Europe. A
persistent anticyclone was located over the North Sea, and
weak cyclonic regions over the Alps. Noon temperatures var-
ied roughly between 30 and 35 ◦C in the Swiss Plateau.

The first simulations showed that base case ozone fields
depend significantly on the choice of parameters for MM5. In
particular, the way of nesting, the choice of the scheme to
compute the planetary boundary layer (PBL) height, and the

selection of the FDDA option control the MM5 output fields. In
a sensitivity analysis, various cases have been simulated using
one-way and two-way nesting options, both with and without
FDDA. For most of these meteorological data sets used as input
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delle
ban,
Fig. 2 – Diurnal variation of measured (plus symbol) and mo
during 4–7 August 2003 in Zurich (urban, north), Lugano (ur

for CAMx, the peak ozone values were too low compared to the
measurements. We found the smallest discrepancy between
observed and modelled ozone levels for one-way nesting, for
the medium range forecast (MRF) PBL scheme combined with
FDDA applied to the coarse domain only. The model results of
this combination were taken as the base case meteorology for
the air quality simulation.

3. Results and discussion

3.1. Scenario 0 (2000, base case)
The fine domain which is discussed in this section covers
the most complex topographic region of the whole modelling
area. MM5 produced weak southwest wind in the afternoon
over the Swiss Plateau during the first 2 days. Stronger north
d (solid line) mixing ratios (ppb) for O3 and Ox (O3 + NO2)
south), and Rigi (mountain).

and northeast winds were prevailing for 6 and 7 August espe-
cially on the western part of the domain. In the Po Basin
(northern Italy), southerly wind was dominating. The high-
est ozone mixing ratios in the lowest layer were predicted
generally in the afternoon between 1300 and 1600 UTC. Com-
parison of model results with measurements at some of the
Swiss national monitoring network (NABEL) stations is given
in Fig. 2. The concentrations of Ox (O3 + NO2) are shown as well
because Ox is not affected by local NO emissions especially at
night. Model results shown in Fig. 2 refer to the lowest layer
of the fine domain with 9 km × 9 km horizontal resolution.
Zurich and Lugano are two urban sites, one in the north and
the other in the south of the Alps, respectively. On the other

hand, Rigi is a mountainous site. The model resolution and
the measurement sites have to be considered when comparing
observations and predictions. Model results indicate a signifi-
cant effect of somewhat too high initial values during the first



e c o l o g i c a l m o d e l l i n g 2 1

Table 2 – Statistical formulation of evaluation indexes (N
is the number of effective data in the period without the
spin-up day, Cmod (t) and Cobs (t) are the simulated and
observed mixing ratios at time t, respectively)

Mean normalized
bias error

MNBE = 1
N

N∑
t=1

Cmod(t)−Cobs(t)
Cobs(t) × 100

Mean normalized
gross error

MNGE = 1
N

N∑
t=1

|Cmod(t)−Cobs(t)|
Cobs(t) × 100

Root mean
square error

RMSE =

√√√√ 1
N

N∑
t=1

(Cmod(t) − Cobs(t))2

∑

d
s
d
u
c
q
s
a
e
t
f
h
t
c
e
t
u
c
a
c
s

Correlation
coefficient

r =
N

t=1
(Cmod(t)−Cmod)×(Cobs(t)−Cobs)√∑N

t=1
(Cmod(t)−Cmod)

2×
√∑N

t=1
(Cobs(t)−Cobs)

2

ay. Later, ozone concentrations are more affected by emis-
ions and meteorology, and the influence of initial conditions
iminishes. The first day is therefore considered as the spin-
p period and not discussed any further. Predicted peak ozone
oncentrations on 5 and 7 August match the observations
uite well at urban sites such as Zurich and Lugano. Mea-
ured and predicted Ox levels at night are also in a very good
greement at these sites. Measurements indicate the high-
st ozone levels on 6 August. The model could reproduce this
rend for the northern part of the domain (see Zurich), but not
or the other sites. The underestimation of peak ozone on the
ottest day can be partly due to the insufficient resolution of
he model in areas with more complex terrain. Another reason
an be the vertical mixing, which is one of the main problems
ncountered in air quality models (GLOREAM, 2003). In view of
he base case performance, 5 August was chosen for the eval-
ation of scenario calculations. In addition to the graphical

omparison between measured and simulated concentrations
t some specific locations, some statistical parameters were
alculated to evaluate the model performance (Table 2). Table 3
hows the correlation coefficients, the root mean square error

Table 3 – Statistics for ozone concentrations

Station Type Altitude m a.s.l. M

Basel Suburban 320 −
Bern Urban 540 1
Chaumont Rural 1140 −
Davos Alpine 1669
Duebendorf Suburban 430
Haerkingen Motorway 430 1
Jungfraujoch Alpine 3580
Laegern Rural 732 −
Lausanne Urban 530
Lugano Urban 280 −
Magadino Rural 200
Payerne Rural 490 −
Rigi Elevated 1030 −
Sion Motorway 480
Taenikon Rural 540 −
Zurich Urban 410

The ranges recommended by US EPA (1991) are ±5–15% for MNBE and 30–3
printed as bold, highlighting their compliance with the US EPA regulations
7 ( 2 0 0 8 ) 209–218 213

(RMSE), the mean normalized bias error (MNBE) and the mean
normalized gross error (MNGE) for various NABEL (the Swiss
air pollution monitoring network) stations. The values refer to
1-h concentration average (daytime). The confidence level cri-
teria suggested by US Environmental Protection Agency (1991)
are 5–15% for MNBE and 30–35% for MNGE. The root mean
square error and correlation coefficients were estimated as
well although not explicitly recommended in directives but
widely used in model evaluation studies. In general, MNBE
values indicate a slight concentration underestimate for rural
stations while an overestimate at urban and motorway sites.
The RMSE which is a non-normalized error estimate, gives
higher results at the sites with higher ozone concentrations.
The highest correlation coefficients are estimated for urban
sites. At motorway sites such as Haerkingen and at urban cen-
ters close to roads, as Bern, the errors are highest. At most
stations, MNBE and MNGE values fall in the recommended
ranges.

3.2. Scenario 1 (1985, current legislation)

In this case, simulations were performed using the emissions
for the year 1985. In general, emissions decreased between
1985 and 2000, especially in the northern part of the model
domain. In Switzerland, the decreases in emissions were 40
and 50% for NO and VOC, respectively. The relative difference
between predicted ozone mixing ratios in 1985 and 2000 is
shown in Fig. 3. Peak ozone concentrations in 2000 are lower by
around 5–10% in the Swiss Plateau. The largest difference is in
the northeast of Switzerland where peak ozone levels decrease
by up to about 15–20% compared to 1985. The change in the
southern part of Switzerland is less than 5%. In the south-
east part of the model domain, north of Bologna where there

are large combustion sources, even an increase in peak ozone
concentrations since 1985 is predicted. The increase in ozone
levels in that area is most probably due to the reduction of the
very high NOx emissions and thus reduction of O3 titration.

NBE (%) MNGE (%) RMSE (ppb) r

0.99 38.8 27.1 0.864
27.8 127.8 23.0 0.825
23.7 23.7 21.7 0.378
4.80 10.8 7.9 0.037

24.3 44.7 16.2 0.818
24.7 139.9 20.8 0.781
21.7 21.7 11.7 −0.067
15.7 18.1 17.2 0.809
22.5 30.4 13.5 0.859
8.50 16.5 18.1 0.911

19.1 31.5 16.2 0.940
8.45 25.2 18.5 0.723

16.5 16.8 14.9 0.738
53.5 55.3 18.4 0.853
0.41 19.9 14.3 0.643

35.6 45.9 13.1 0.937

5% for MNGE. MNBE within the interval [−15, +15] and MNGE <35 are
.
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Fig. 3 – Scenario 1 (1985)—base case (2000). Predicted

difference in O3 mixing ratios (%) relative to base case on 5
August 2003, at 15:00 UTC. Domain 2.

These results suggest that reductions of the precursor
emissions during the last two decades were effective to
decrease the local ozone production, although this effect can-
not be seen by the measurements at most of the stations
except in the region of Zurich. Ozone and Ox trends observed
at various national surface network stations (NABEL) during
summer 1992–2002 are shown in Fig. 4 together with the model
results for the period 1985–2000 with and without the increase
of 0.5 ppb year−1 in the background ozone. It should be kept in
mind that the model results are based on the meteorology of a
short-term episode and not of the entire period 1985–2000. It is
worth noting that the positive O3 trends at stations exposed to
local traffic such as Lausanne (LAU), Sion (SIO) and Basel (BAS)
disappear in Ox trends. The positive trends of ozone are thus
due to less titration of ozone because of lower NO emissions
as a function of time. Observations show Ox trends changing
between 0 and −0.5 ppb year−1 going from west to east towards
Zurich. One exception is the most easterly station Taenikon

(TAE) where the measurements show a slight positive trend.
The reason why measurements do not show any negative
trend except around Zurich is probably due to an increase
in background ozone (Ordóñez et al., 2005). The increase at

Fig. 4 – Ozone and Ox (O3 + NO2) trends observed at various NABE
and modelled trend for 1985–2000 with and without increase (0.5
2 1 7 ( 2 0 0 8 ) 209–218

Jungfraujoch, which might be regarded as a proxy for the back-
ground increase, has approximately the same magnitude as
the decrease of ozone predicted from the emission reductions
in Europe since 1985. When the increase in background ozone
of 0.5 ppb year−1 is simply added as a preliminary approach,
the model results match the measurements very well. The
variability of trends between different types of sites can also
be shown by the model. However, in reality the background
concentration change cannot be simply added to the concen-
tration but the analysis for this episode shows that the ozone
background increase was similarly high as the effect of the
emission reductions.

3.3. Scenario 2 (2000, without control)

In this case, simulations were performed using emissions pre-
pared for the year 2000 assuming an increase of the emissions
proportional to the economic development since 1985. This
would be a scenario without the introduction of the catalytic
converters for passenger cars and other measures. Emissions
were assumed to be 1.25 and 1.45 times the emissions in 1985
for Switzerland and the rest of Europe, respectively. These
higher emissions with respect to the base case (2000 CLE)
would lead to higher peak ozone levels in the Swiss Plateau.
The difference would have been about 15–20% in the north and
about 10% in the southern part of Switzerland. The largest dif-
ference of about 30% would have been in the northeast part
of the domain, north of Munich. These results suggest once
more that the emission controls since 1985 were effective to
reduce the ozone production.

3.4. Future scenarios (2010)

3.4.1. Scenario 3 (Gothenburg target emissions)
Emissions used for this scenario case are for the year
2010 following the Gothenburg Protocol. The signatory states
are committed to reduce the emissions of selected species

between 1990 and 2010 by an agreed amount (UNECE, 1999).
In this case, the predicted ozone mixing ratios would be lower
than in the base case in the whole model domain. The pre-
dicted decrease in peak ozone concentrations relative to the

L surface stations (west to east) during summer 1992–2002
ppb year−1) in background ozone.
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Fig. 5 – Scenario 3 (2010 GOTH)—base case (2000). Predicted
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Fig. 6 – Scenario 6 ((2010 GOTH)/2)—base case (2000).
Predicted difference (negative) in O3 mixing ratios (%)
relative to base case on 5 August 2003, at 15:00 UTC.
ifference (negative) in O3 mixing ratios (%) relative to base
ase on 5 August 2003, at 15:00 UTC. Domain 2.

ase case is about 5–6% in northern Switzerland and 6–10% in
he south (Fig. 5).

.4.2. Scenario 4 (current legislation)
nother scenario is calculated again for the year 2010 fol-

owing the current legislation emissions. It is similar to the
revious one because of similar emission levels. The predicted
zone mixing ratios and the predicted difference in peak
zone concentrations relative to the base case in Switzerland
re almost the same as in the scenario using the Gothen-
urg Protocol. There is slightly more reduction in peak ozone
round Milan.

.4.3. Scenarios 5–6 (half of Gothenburg target emissions)
n scenario 5, Gothenburg target emissions were used for
urope. For Switzerland, on the other hand, Gothenburg target
missions were reduced by another 50%. This kind of further
eduction of emissions in Switzerland would lead to a stronger
ecrease in peak ozone levels in northern Switzerland (from
% in the western part of Switzerland up to 15% in the north-
ast). In the south, the difference is basically the same as in
cenario 3 with a 6–10% decrease.

In a further case (scenario 6), Gothenburg target emissions
ere halved everywhere in the model domain. Model results

uggest that peak ozone levels would decrease substantially:
0–18% in the north and up to 20% in southern Switzerland
Fig. 6).

.5. Scenario 7 (2000, zero emissions in Switzerland)

n this hypothetical case, anthropogenic emissions in Switzer-
and were switched off and emissions abroad were kept the
ame as in the base case (2000 CLE). Only biogenic emissions
ere considered in Switzerland in this test case. This would

ring ozone levels down by 5–30% in northern Switzerland,
ith the greatest reductions around Zurich, but no significant

hange would be seen in the south where ozone levels would
till be mostly affected by the emissions abroad.
Domain 2.

3.6. Exceedances of threshold limits

In the previous sections, different cases were compared on the
base of peak ozone. In Switzerland, the air quality standard
for 1-h mean ozone is 120 �g m−3 (about 60 ppb). Compar-
ing the number of exceedances of this threshold can give
more information about various scenarios. The number of
hours on 5 August 2003 when ozone concentrations were
higher than 120 �g m−3 were calculated for all model grid
cells of the fine domain. The results are shown in Fig. 7.
The red colors denote those grid cells where ozone levels
exceed the thresholds during more than 21 h. The dark blue
regions are those where the threshold is least exceeded (0–3 h).
In scenario 1 (1985) there are more red cells with respect
to the base case. On the other hand, if emissions were not
controlled since 1985 (scenario 2), the number of red and
yellow grid cells would have been higher in 2000. Scenarios
3 and 4 (not shown) look very similar. They both indicate
that there would be still exceedances of the thresholds, how-
ever the exceedence hours would be less. In a similar study,
Vautard et al. (2005) reported that the current legislation on
emissions, if strictly applied, should lead in 2010 to a 74%
reduction of number of 180 �g m−3 exceedence hours over
Europe. Since the threshold is lower in Switzerland, the reduc-
tions in exceedence hours are less. Reducing Gothenburg
target emissions to half only in Switzerland (scenario 5) would
not change the figure very much with respect to scenario
3. On the other hand, reducing Gothenburg emissions also
abroad by half (scenario 6) would make a significant differ-
ence. However, these results suggest that there would still
be regions in this case where the ozone threshold would be
exceeded.

The hypothetical case where anthropogenic emissions in

Switzerland were set to zero (scenario 7) seems not to be very
effective as long as emissions abroad remain the same. Espe-
cially southern regions would still be strongly affected by the
emissions in northern Italy.
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Fig. 7 – Predicted number of hours in grid cells where O3 mixing ratios exceed 60 ppb during 5 August 2003. Top left, base
2 (2000 NC); middle right, scenario 3 (2010 GOTH); bottom left,
ro Swiss emissions). Domain 2.

Table 4 – (number of hours) × (number of grid cells) in
Switzerland where ozone mixing ratios are predicted to
exceed 60 ppb on 5 August 2003

Scenario IC base case IC 50 IC 70

0 6389 2405 5556
1 6909 3422 6192
2 7706 4558 7170
3 5407 921 4364
4 5494 1103 4502
5 5119 304 3975
6 3363 25 1696
case (2000); top right, scenario 1 (1985); middle left, scenario
scenario 6 ((2010 GOTH)/2); bottom right, scenario 7 (2000, ze

3.7. Effect of background ozone

In order to investigate the effect of background ozone, two
additional simulations were carried out. Ozone concentra-
tions were set to 50 and 70 ppb initially. These values are
generally lower than those calculated by the MOZART global
model (on average about 75 pbb in the lowest layer) and used
in the base case. All scenarios were repeated using these
two additional cases. The number of grid cells in Switzerland
where ozone levels exceeded 60 ppb was multiplied by the
number of hours when an exceedance occurred. This quantity
was calculated for each scenario case and for each initial-

ization used (Table 4). The lowest number for each case was
achieved for scenario 6 where the Gothenburg target emis-
sions were reduced to half in whole domain. The difference
between scenario 7 (with zero Swiss anthropogenic emissions)

7 5257 739 Not calculated

IC base case: initial conditions taken from Mozart global model, IC
50:50 ppb ozone initially, IC 70:70 ppb ozone initially.
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nd scenario 0 (base case) is less than 20%, indicating that
fforts in reducing emissions only in Switzerland would not
e enough to meet the legal thresholds as long as the emis-
ions abroad remain the same. Numbers for the IC 70 case
with 70 ppb background ozone) are slightly lower than the
ase case. The fewest exceedances are predicted, using 50 ppb
zone concentrations initially for scenario 6. The concentra-
ions are close to the legal thresholds in this case and the grid
ells where exceedances still occur are around Lugano (influ-
nced by emissions of Milan south of the Alps) and Zurich
north of the Alps). These locations do not vary significantly
rom 1 day to the other while the number of exceedance hours

ight slightly change.

. Conclusions

he effect of numerous regulations enforced since 1985 to
mprove air quality on ozone was investigated with CAMx
ir quality model using a summer episode. Some future sce-
arios were calculated as well. The conclusions are based on
he results of the short-term simulations and the meteoro-
ogical conditions during that period. Comparison of model
esults with measurements showed reasonable agreement for
he base case calculations. However, the high-ozone peak on
he hottest day was underestimated at sites with more com-
lex topography probably due to insufficient model resolution
nd/or vertical mixing.

Model results suggest that the emission reductions of
zone precursors since 1985 should have been effective to
educe ozone production in northern Switzerland (by 5–15%
etween 1985 and 2000). However, observations do not indi-
ate any significant change in surface ozone levels during
he last decade, except a small decrease in the region of
urich. The long-term observations at the high Alpine sta-
ion Jungfraujoch suggest an increase in background ozone
y 0.5 ppb year−1 during summer 1992–2002. When this trend
s taken into account, the agreement between observations
t the surface stations and the model becomes very good. In
ny case, the model explains very well the variability of the
zone trends at different stations. It seems that the decrease in

ocal ozone production due to emission reductions might have
een partly or even completely compensated by the simul-
aneous increase in the background ozone. However, more
etailed correction of the background ozone based on long-
erm simulations has to be done in future studies, to support
his hypothesis.

Calculations based on emission scenarios suggest that
eak ozone levels would have been 10–20% higher in 2000 if
o emission reduction measures were applied since 1985. In
010, a strict application of the Gothenburg Protocol in Europe
ould lead to a reduction of 5–6% in peak ozone concentra-

ions in Switzerland. No significant difference was predicted
etween the two future cases using the Gothenburg Protocol
nd current legislation. The emission controls carried out only
n Switzerland would not be very effective to improve the air

uality in the future. The question if reducing the Gothen-
urg target emissions further would be enough to meet the

egal threshold for ozone in Switzerland should be answered
y investigating air quality for longer timescales and not only
7 ( 2 0 0 8 ) 209–218 217

for an episode as in this case. The further development of the
background ozone will in any case be very important for the
ozone levels in the future.

If the initial concentrations within an episode are much
lower than in the base case, ozone concentrations might
decrease close to the legal thresholds. Calculations of
exceedances of thresholds suggest that combination of a lower
initial ozone concentration such as 50 ppb with half of the
Gothenburg target emissions in the whole domain would be
an efficient way to avoid major exceedances of the Swiss legal
thresholds. The location of a few exceedances does not vary
significantly from 1 day to the other, while the number of
exceedance hours might slightly change. The question if half
of the Gothenburg target emissions are enough to meet the
standard, needs to be answered by investigating air quality
for longer time periods than this episode. Such studies would
put the conclusions on more solid ground. A crucial factor
for Europe and Switzerland will be the development of the
background ozone concentrations. If the background ozone
continues to increase as in the 1990s, it will get even more
difficult to meet the legal standards.

Acknowledgements

We thank MeteoSwiss, INFRAS, Meteotest, Freie Universi-
taet Berlin, EMEP and IIASA for providing meteorological
and emission data. The measurement data were obtained
from BAFU/NABEL. We also acknowledge the support of the
European Network of Exellence for Atmospheric Composition
Change (ACCENT). This study was financially supported by
BAFU (Swiss Federal Office for the Environment (FOEN)).

e f e r e n c e s
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