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Summary

This work reports on the trends of the daily afternoon (noon to midnight) maximum ozone
concentrations at 15 of the 16 stations of the Swiss air quality monitoring network (NABEL)
during the period 1992-2002. The use of numerous meteorological parameters and additional
data allowed a detailed seasonal analysis of the influence of the weather on the ozone
maxima at the different stations.

An analysis of covariance (ANCOVA) was performed separately for each station and
season in order to detect the parameters which best explain the variability of the daily ozone
maximum concentrations. During the warm seasons (summer and spring) the most
explanatory parameters are those related to the ozone production, in particular the
afternoon temperature. In winter, the most explanatory variables are the ones influencing the
vertical mixing and thus the ozone destruction by titration with NO and dry deposition, like the
afternoon global radiation. If a really small amount of variables is required to be used
consistently for all the stations, the parameters in Table are suggested to be used in every
season.

Apart from the parameters in Table 1, some other parameters like the afternoon wind
direction were relevant at some stations. Generally, more parameters were needed in the
cold seasons compared to the warm seasons. This work also confirms the different influence
of these parameters on the ozone maximum concentrations depending on the season and
type of station.

Table 1. Most explanatory variables for each season.

spring summer autumn winter

(a-tem P)2 (a_temp )2 (a- tern P)2 a- GlobRad

M-GlobRad days after front synoptic group synoptic group

A mix ratio Month (2, a mix ratio a windspeed

dTp

a-mix-ratio

weekday

(a- teMP)2: square of the averaged afternoon temperature C)
m-GlobRad: morning global radiation (W/M2)

a-GlobRad: afternoon global radiation (W/M2)

a-mix-ratio: afternoon water vapour mixing ratio (g/kg)
synoptic group: Synoptic group (synoptic situation at the 500 hPa level)
days after front: number of days after a frontal passage
a-windspeed(l): afternoon averaged wind speed (m/s)
dTp: vertical gradient of potential temperature in the afternoon C)
weekday: day of the week (Mon, Tue, ... , Sun)
Month(": Summer month ("August" or "no August")

(')This variable might also be important for some specific stations in spring, summer and autumn
(2) Variable used only for Southern Switzerland in the summer months

The trends of both the measured and meteorologically corrected ozone maxima were
calculated. The year-to-year variability in the ozone maxima was lowered by a factor of 3 by
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the meteorological correction. Significantly positive trends of corrected ozone maxima of 03 -
1.1 ppb/year were found at the low altitude stations in winter and autumn as well as at
Lausanne - urban station - in all the seasons, mainly due to the lower loss of ozone by
reaction with NO as a consequence of the decreased emissions of primary pollutants during
the 90s. This could be partially confirmed by the lower trends of 0, (sum 03 of and N02)

maxima compared to the trends in ozone maxima. Significantly positive trends of ozone
maxima of 04 - 07 ppb/year found for the elevated stations between autumn and spring are
probably due to increased background ozone concentrations. Table 2 summarises the
number of significantly positive/negative trends Of 03 and Ox found for each season.

The absence of negative trends of the median or mean ozone maxima north of the Alps
in summer suggests that the decrease in the emissions of ozone precursors did not have a
strong impact on the afternoon maximum ozone concentrations during the last decade. A
decrease of local production was maybe compensated by increased larger scale
background. This is also indicated by the analysis of the trends of the various percentiles of
the maximum ozone maxima. The highest percentiles usually exhibit a less positive (or more
negative) trend than the lower percentiles. This suggests that the emission reductions had at
least an impact on the very high ozone concentrations. However, the trends of these high
percentiles were not statistically significant.

In contrast to the project TOSS (Trends of Ozone in Southern Switzerland), no
significantly negative trends of ozone maxima were found in Southern Switzerland. The
reason for this might be that the NABEL stations in the south are not very representative of
the Milan agglomeration, as the station at Lugano is located in the city and the more rural
station of Magadino is not well exposed to advected air masses from the south.

Finally, the meteorological correction calculated from 1992-2002 was applied to the
period 1992-2003, including the unusually warm summer of 2003, with very high ozone
concentrations. Even in this case, the statistical model was able to well explain these very
high concentrations taking the meteorological factors into account.

Table 2 Number of stations where significantly positive or negative trends of corrected
ozone and Ox maxima were found.

Ozone(03) % 03 N02

Spring 6 0 1 0

Summer 3 0 0 *)

autumn 13 0 6 0

Winter 14 0 10 0

Negative trend in ZOrich. It might be due to a shift of the measuring station.
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1. INTRODUCTION
It is well known that nitrogen oxides NO,,=NO+NO2), volatile organic compounds (VOCs)

and CO react in the presence of sunlight to yield ozone 03) and other photo-oxidants.
During the summer months, under stagnant weather conditions, the concentrations of ozone
can reach high levels, causing harm to human health, to vegetation, and to materials. Ozone
is also one of the most important greenhouse gases.

During the 1990s there have been continuous efforts to understand the mechanisms of
photochemical smog formation in Europe and in Switzerland. For example, the POLLUMET
project improved the knowledge about the spatial and temporal dynamics of the VOC / Nx
sensitivity of the ozone production in the Swiss Plateau for typical summer conditions (e.g.
Dommen et al., 1995, 1999). Although the mechanisms of photo-oxidant formation are better
known and various measures (considerable decrease in emissions of ozone precursors)
have been taken in Switzerland and the neighbouring countries, near-surface ozone
concentrations have apparently not decreased accordingly. Some studies have investigated
data from the Swiss air pollution monitoring network (NABEL) in order to address the
changes in ozone and primary pollutants in Switzerland since the mid-80s.

Br6nnimann et al. 2000) investigated the variability and trends of the ozone records at
six NABEL stations from 1992 to 1998 during regional background conditions, which were
selected by using chemical filters such as NO., and CO concentrations. The seasonal ozone
cycles revealed a spring maximum and an autumn/winter minimum at most sites under
regional background situations, but a summer maximum when the chemical filter was tuned
towards more polluted air masses (higher NO,, percentiles). Statistical analyses showed that
at most of the sites the upward trends of daily mean ozone were enhanced (i.e. they became
more positive) for background conditions in comparison to all days. They suggested that,
with decreasing local to regional emissions of ozone precursors (a likely assumption for
Central Europe for the last years and the near future), processes on the regional to large-
scale such as transport or large-scale chemical mechanisms might become increasingly
important in determining the variability of ozone in a monitoring network.

Kuebler et al. 2001) used the Kolmogorov-Zurbenko filter KZmp (Zurbenko, 1991 to
remove the long-term trend, as well as a mean year to remove the seasonal and weekly
variations. This allowed the use of meteorological variables to detrend the short-term
variation of ozone and primary pollutants at 12 NABEL stations in the 1985-1998 period. The
detrended mean summer concentrations of primary pollutants (NO,, CO and VCs)
presented a downward trend at urban and suburban stations. In contrast, the detrended 90th

percentile summer ozone did not show any statistically significant trend at either the urban or
rural sites, including the alpine station at the Jungfraujoch 3580 rn a.s.1). No statistically
significant correlation of the detrended 901h percentile 03 levels with the detrended NO,, and
VOCs at the urban and suburban sites was found, which suggested that the local reductions
in 03 precursors had little impact on high 03 levels.

Br6nnimann et al. 2002) used different methods to address changes in the ozone levels
at 14 NABEL stations from 1991 to 1999, and to account for the influence of the
meteorological conditions. They analysed the mean values, the extremes and frequency
distributions of afternoon ozone. They observed a considerable increase of the
deseasonalised monthly mean ozone concentrations 05-0.9 ppb yr-) together with a
decrease in frequency of the low ozone concentrations and a slight decrease of the peaks
during ozone episodes north of the Alps. A selection approach to detect ozone trends under
different meteorological conditions suggested a tendency for decreasing ozone peaks under
summer smog days at rural sites and increasing ozone peaks at the polluted sites; however
the confidence intervals for this trend analysis were very large. A decrease of ozone peaks
on summer smog days became more distinct (up to 2 ppb yr-) in the analysis of the
difference to the afternoon mean ozone concentration at Jungfraujoch, which could be due to
different changes on a local scale compared to the regional or large scale. The use of non-
linear regression allowed to split the long-term development of afternoon ozone peaks into a
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linear part and a fraction which was modulated by meteorological conditions. The linear part
was significantly positive at all sites north of the Alps, while the modulated part was
significantly negative and led to a decrease of ozone peaks under fair weather conditions
relative to cloudy conditions. These trends found north of the Alps could be partially
explained by changes in the emissions of ozone precursors. Finally, this study confirmed that
the Alps divide Switzerland in different regions concerning ozone levels and temporal
development of ozone peaks in summer, which is normally attributed to the fact that the sites
south of the Alps are within the influence of the Milan plume (e.g. Pr6v6t et al., 1997).

During the project TOSS (Trends of Ozone in Southern Switzerland), time series of
ozone and meteorological parameters from both the NABEL national air pollution monitoring
network and the cantons Ticino and Graub6nden were used to study the ozone trends in
Southern Switzerland during the period 1990-1999. An analysis of covariance (ANCOVA)
allowed to determine the variables that explained most of the meteorological variability and
were therefore kept in the final model in order to detrend the ozone concentrations at eleven
stations. Negative trends of daily ozone maxima were observed in July and August but these
trends were reduced when the ozone concentrations were corrected for the meteorological
influence. Positive trends were found in winter time and in some of the autumn and spring
months. Daily Ox maxima (sum of ozone and nitrogen dioxide) revealed larger negative
trends in summer than in winter, whereas the meteorological correction yielded negative
trends for most of the seasons and stations. The smaller local titration by NO, due to the
decrease in primary emissions of Nx (catalysts, other measures), could explain the positive
trend in ozone concentrations during the winter months. However, for most of the stations
both the measured and corrected daily ozone maxima and Ox maxima only showed a
statistically significant trend (p < 0.05) during some months (PSI Bericht Nr. 02-13, 2002).

The TOSS project serves as a starting point for the project TROZOS (Trends of Ozone in
Switzerland), in which the analysis of ozone trends is extended for all the NABEL stations in
Switzerland from 1992 to 2002. Section 2 describes the stations and data used in this study.
Section 3 presents the meteorological adjustment of the ozone maximum concentrations by
statistical modelling of the relation between ozone concentrations and various meteorological
variables. The results of the statistical analysis and the calculated trends are discussed in
section 4.
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2. DATA
As mentioned in the introduction, this work reports on the temporal trends of ozone

maxima from both low-elevation and elevated sites of the Swiss air quality monitoring
network (NABEL) from 1992 to 2002. One of the aims is to use other meteorological
parameters apart from those traditionally used in the literature in order to explain the ozone
variance during the different seasons. Concentrations of ozone and primary pollutants as
well as meteorological data measured at the NABEL stations, together with meteorological
data from the closest ANETZ stations - including parameters such as sunshine duration and
lightning - were used for this purpose. In addition, stability parameters derived from the
atmospheric soundings taken at Payerne and Milan, and some ancillary data such as the
synoptic situation from the Alpine Weather Statistics AWS (SMA, 1985; Wanner et al., 1998)
and the NAO index were also used.

2.1. Location and characterization of the NABEL stations
Both the location and a short description of the NABEL stations can be found in Figure

2.1 and Table 21 (for more details concerning the NABEL stations see EMPA, 2003). Table
2.1 also includes the name of the corresponding ANETZ stations from which some
parameters like sunshine duration or lightning were used.

02
12

4

Fig. 21. Location of the NABEL stations. See the names and codes of the stations in
Table 2 .
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Table 21. Characterization of the NABEL stations. The names of the closest ANETZ
stations from which some meteorological parameters were used are in the last column.

Station type Station name Height Lat Lon ) ANETZ station
(nr. and code) (m asl)

Agglomeration Basel 320 47.54 7.58 Basel-

( - BAS) Binningen

City centre at the street Bern 540 46.95 7.44 Bern-Liebefeld

(2 - BER)

Rural over 1000 m asl Chaumont 1140 47.05 6.98 Chasseral

(3 - CHA)

Rural over 1000 m asl Davos 1640 46.82 9.86 Davos

(4 - DAV)

Agglomeration Dbbendorf 430 47.40 8.62 Kloten

( - DUE)

Rural close to motorway H6rkingen 430 47.31 7.82 Wynau

(6 - HAE)

Alpine Jungfraujoch 3580 46.55 7.99 Jungfraujoch

(7 - JUN)

Rural 1-6geren 690 47.48 8.37 1-5geren

( - LAE)

City centre at the street Lausanne 530 46.52 6.64 Pully

(9 - LAU)

City centre in park Lugano 280 46.01 8.96 Lugano

(1 - LUG)

Rural Magadino 200 46.16 8.93 Locarno-

(1 - MAG) Magadino

Rural Payerne 490 46.80 6.94 Payerne

(1 2 PAY)

Rural over 1000 m asl Rigi- 1030 47.07 8.47 Pilatus
Seebodenalp

(13 - RIG)

Rural close to motorway Sion 480 46.22 7.34 Sion

(14 - SIO)

Rural T6nikon 540 47.47 8.90 T6nikon

(1 - TAE)

City centre in park ZOrich 410 47.38 8.53 Zbrich-SMA

(16 - ZUE)
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2.2. Quality of ozone data
Rigorous checks of the ozone and NO,, data confirmed that the data quality after 1991,

when the whole network was restructured, was good for most of the sites. Therefore, the
time series of ozone for the period 1992-2002 were analysed in this work. However, the
NABEL station at Bern has been excluded from the analysis due to changes in its location in
July 1997 and December 1999. Those changes affected the exposition to the local sources
(mainly traffic) and hence the measured NO,, and ozone concentrations.

In April 1997 the NABEL station in Zurich, located at Kaserne, was shifted from the
barracks yard to another location in the same barracks. No effect has been observed in the
NOx concentrations after that change. Similarly the NABEL station at Lugano experienced
small changes in its location, but its exposition to the local environment was not substantially
different from the today's location. Therefore, both the stations in Zurich and Lugano have
been used.

2.3. Meteorological and additional parameters used
When selecting and analysing the different parameters which can explain the variability

in the ozone concentrations, it should be considered that the effect of the same variable can
be different depending on the weather conditions, season and degree of exposition of the
station to the local sources. As a general rule, the ozone production, which is mainly driven
by temperature and radiation, dominates over the ozone destruction in summer; the factors
influencing the ozone production usually explain most of the ozone variability in this season.
However, the ozone destruction by titration with NO and dry deposition, which are highly
dependent on the vertical mixing in the boundary layer, is especially important in winter and
in the polluted areas; the meteorological factors influencing the vertical mixing explain most
of the variance in the ozone concentrations in these cases.

This section provides a description of the parameters used in this study. Except when
indicated, all the meteorological parameters were measured at the NABEL stations.

Temperature

Under typical summer smog conditions, the daily maximum ozone concentrations and
temperature are strongly correlated. There are several reasons which explain the effect that
temperature exerts on ozone production:

• High temperatures are usually associated with high radiation and stagnation of the air
masses.

• Increases of both biogenic emissions and evaporative emissions of anthropogenic
VOCs at high temperatures. The intermediate products of the ROG oxidation chain
oxidize NO to NO2, whereby ozone molecules are saved.

• The rates of the photochemical reactions are dependent on temperature. As pointed
out in other studies (Sillman and Samson, 1995; Vogel et al., 1999), the enhanced
thermal decomposition of peroxiacy1nitrates (PANs) at high temperatures yields a
higher ozone production.

In winter, when the ozone destruction prevails over the ozone production in the boundary
layer, a much lower importance of temperature is expected than in summer. However, higher
temperatures are usually connected to higher radiation and thus enhanced mixing.
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Either the afternoon temperature or the squared afternoon temperature have been used
in this study, depending on which one explained more variance in the ozone concentrations.

Global radiation

Ultraviolet radiation plays a key role in initiating the photochemical processes. The
photolysis of N02 yields ozone and the photolysis of non-radical compounds (e.g. 03,

carbonyls and HONO) leads to the formation of radicals with subsequent involvement in
ozone production. Therefore, it is expected to find a positive correlation between global
radiation and the ozone concentrations during the warm season.

During the cold season the ozone destruction becomes much more important than the
ozone production. With higher irradiation more vertical mixing is expected and thus less
ozone is lost by dry deposition or by reaction with the diluted NO, which explains that
radiation and ozone are usually correlated in winter, too.

Both the averaged global radiation in the morning and in the afternoon have been used
in this study.

Sunshine duration

Sunshine duration is defined as the time during which the direct solar radiation exceeds
the level of 120 W/M2 . The hourly fraction in which this value is exceeded is measured at the
surrounding ANETZ stations. The expected effect of this parameter on the ozone
concentrations is similar to that of the global radiation.

Water vapour mixing ratio

In contrast to the relative air humidity, the water vapour mixing ratio is directly related to
the water content in the air. This variable is expected to affect the ozone levels in the
following ways:

• High mixing ratios should be related to increased OH concentrations and thus to
ozone formation. However, high mixing ratio is also a sign of cloudiness and fog, with
lower radiation and lower ozone concentrations.

• Low water vapour mixing ratios can be an indirect measure of high vertical mixing,
situations in which the effects of titration and dry deposition on ozone are
suppressed, leading to increased ozone concentrations in the urban areas.

• It is well known that air masses from the upper troposphere (UT) and lower
stratosphere (LS) can reach elevated stations during stratospheric intrusion events.
These air masses are dry and exhibit higher ozone concentrations. Therefore low
water vapour mixing ratios at those stations might be associated with high ozone
concentrations.

Due to all these direct and indirect effects and also to the fact that the water vapour
mixing ratio is correlated with the temperature, it is difficult to make a priori statements about
its negative or positive effect on the ozone concentrations.

Wind speed

As high wind speeds induce vertical mixing and thus favour the dilution of primary
precursors, this parameter exhibits a negative correlation with ozone in the rural areas during
the summer months and a positive correlation in winter and in the urban areas.
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Wind direction

The influence of the wind direction on the ozone concentrations should be particularly
important in the proximity of exhaust sources (motorways, industrial areas, and densely
populated areas). The wind direction was divided into 2 - 3 classes for every station after a
careful inspection of the ozone and primary pollutant levels for different wind sectors. For the
stations at which no influence of the wind direction was observed we decided to use the two
main wind sectors from the wind rose of those stations (see detailed information in EMPA,
2003).

The wind sectors chosen for every station as well as the median of the afternoon
averaged NO,, levels for those wind sectors during the period 1992-2002 are represented in
Table 22. This table suggests that the wind direction will explain part of the ozone variability,
due to reaction with NO, at least during those seasons and stations at which the Nx levels
differ from one sector to the other.

Table 22. Wind classes used for the different stations. The Nx concentrations in this
table correspond to the median of the afternoon averaged Nx levels during the period 1992-
2002. No data during the period January 2000 - May 2001.

Basel 40
00 - 1800 25.44 0 - 1800 5.95

180 - 3600 8.31 180 - 3600 3.86

Davos- �,NO' b

900 - 2700 2.74 0 - 1800 16.01

2700 - 900 2.52 180 - 3600 15.36

ik

1200 1800 122.25 600 2400 0.20

180 - 3300 86.10 2400 - 600 0.18

3300 - 1200 20.37

PIPb)
900 - 2700 7.06 0 - 1800 89.06

2700 - 900 10.36 180 - 3600 76.67
L�g 0 NO b'L an 'NO (ppb ad PP

600 - 2400 26.71 00 1800 15.03

2400 - 600 27.85 180 - 3600 9.64

P

1200 - 3000 5.65 0 - 1800 6.20

3000 - 1200 7.29 180 - 3600 4.58

-S-40h M

150 - 3300 23.96 150 - 3300 6.66

3300 - 1500 62.06 3300 - 1500 10.42

2 rich -

900 - 2100 25.53

2100 - 900 19.25
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CBL mixing height

The mixing height of the convective boundary layer (CBL) was used in order to account
for the effect of the vertical mixing on the ozone concentrations. This parameter was
retrieved from atmospheric soundings by using the parcel method (details on this and other
methods as well as intercomparisons can be found in Seibert et al. 2000). The 12 UTC
radiosoundings at Linate (close to Milano, in Northern Italy) were used for the stations south
of the Alps (Lugano and Magadino) whereas the soundings at Payerne were used for the
rest of the stations.

CAPE

The Convective Available Potential Energy (CAPE) represents the vertically integrated
positive buoyancy of an adiabatically rising parcel. It is proportional to the amount of kinetic
energy that a parcel gains while it is warmer than the surrounding environment. High values
of CAPE are associated to instability and thus suggest high probability of storms.

This parameter was also retrieved from the atmospheric soundings at 12 UTC. Both
CAPE on the investigated and on the previous day were used to examine the effect of
convection and vertical mixing on the ozone concentrations. CAPE was not used in winter
due to the lack of representativity of both the atmospheric soundings and this variable itself in
that season.

Vertical gradient of potential temperature

An approximation of the difference of potential temperature between a low and an
elevated location has been calculated for all the stations as a parameter of vertical stability.
The parameter Tp is an approximation to the potential temperature which can be calculated
from the formula of the dry static energy (also called Montgomery stream function):

S Cp*T + g*z, with Cp = 1005.7 Jkg-'K-1 (dry air) and g = 981 MS-2

z altitude, T = temperature

Tp = S / Cp = T + g * z / Cp

The difference of Tp between a low and elevated station can be used as an indicator for
dry static stability. Afternoon temperatures of both the NABEL and the surrounding ANETZ
stations have been used for this purpose:

Tp = Tp at a low station (NABEL or ANETZ)

TP = Tp at an elevated station (NABEL or ANETZ)

dTp = Tp - TP = T - T2) + * (Z - Z2) / CP

The names of the stations chosen for the calculation of dTp are contained in Table 23.

dTp (C) is a parameter for stability. Theoretically:

• instability when c9Tp / az < 0, i.e. dTp > 

• stability when aTp / az > 0, i.e. dTp <0

The higher dTp the higher the instability (not considering condensation). The
interpretation of the results for this parameter should be done depending on both the season
and the location character of the station (low or elevated, polluted or rural).
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Table 23. Names and altitudes of the stations chosen for the calculation of dTp.

NABEL Station Station I zi (m asl) Station 2 Z2 (m asl)

Basel Basel (*) 320 1-6geren (*) 868

Chaumont Payerne 490 Chaumont 1140

Davos Chur (*) 555 Davos 1640

DObendorf DObendorf 430 L6geren 868

1-16rkingen H6rkingen 430 1-6geren 868

Jungfraujoch Davos 1640 Jungfraujoch 3580

U�geren Zurich-SIVIA 556 1-6geren (*) 868

Lausanne Lausanne 530 Chaumont 1140

Lugano Lugano(*) 280 Cimetta 1672

Magadino Magadino 200 Cimetta 1672

Payerne Payerne 490 Chaumont 1140

Rigi- Luzern 456 Rigi- 1030
Seebodenalp Seebodenalp

Sion Sion 480 Montana 1508

T6nikon T5nikon 536 1-6geren 868
--- T L6geren 868

ZOrich Zbrich-SIVIA 556

ANETZ station

Precipitation

This variable is interesting both in the summer and in the winter months because it is
often associated with thunderstorms and higher vertical mixing. After thunderstorms the
troposphere should be well mixed and the ozone concentrations might reflect similar
conditions to background at some stations. The occurrence absence of precipitation on the
investigated and on the previous day were used in this study.

Lightning

Data on close and distant lightning were available at the closest ANETZ stations. As
lightning is associated to thunderstorms, it is expected that the air is well mixed on days with
lightning, which might influence the ozone levels. Close and distant lightning were examined
for both the investigated and the previous day. Lighting was used as a discrete variable with
two values ("lightning" "no lightning").

Weekday

During the weekdays the emissions of primary pollutants due to traffic and other activities
are usually higher than at weekends. The day of the week was used as a discrete variable
with 7 values ("Mon", "Tue", "Wed", "Thu", "Fri", "Sat" and "Sun") in order to account for the
influence of the weekly cycle on the emissions and hence on the ozone concentrations. This
influence will be different depending on the type of station (polluted or rural), season and
weather conditions.



Month

It is known that many Italians go on holidays in August ("Ferragosto"), which results in
lower emissions and thus lower ozone levels during August than in the rest of the summer
months. As this "vacation effect" was also observed for Southern Switzerland during the
TOSS project (see PSI Bericht Nr. 02-13, 2002), we decided to take it into account and use
the month as a nominal variable ("August" "No August") for Lugano and Magadino in
summer.

Synoptic group

The synoptic situation is analysed using a parameter that we named "synoptic group".
This parameter is taken from the Alpine Weather Statistics AWS (SMA, 1985; Wanner et al.,
1998) and describes different weather situations:

0 3 convective types: anticyclonic (A), cyclonic (C) and indifferent (1)

0 4 advective types (based on the 500 hPa wind direction): north (N), east (E), south(S)
and west W)

0 mixed conditions (M). This class involves either vortex, shear, upper jet or strong
surface flow, i.e. instability.

Stable situations (synoptic group = "A") are connected with suppressed vertical mixing
and stagnation of the air masses. The types "C", "M" and the advective types are usually
related to higher vertical mixing and thus favour the dilution of primary pollutants. The
influence of the different weather classes on the ozone levels will depend on the season and
station.

Number of days after front

After a frontal passage the air is usually well mixed and the primary pollutants are
diluted, which obviously influences the ozone levels in a different way depending on the
season and the type of station.

The number of days after front was calculated, using the classes 18 and 21 of the AWS
(SMA, 1985), which indicate the presence absence of a front in Zurich on the investigated
day. This parameter was used as a discrete variable with 6 classes: "O" (i.e. day with front),
1 ", 2", "Y, 'A" and "5 or more days".

NAO Index

Monthly values of the NAO index were used to assess the influence of the North Atlantic
Oscillation on the ozone concentrations. This parameter was obtained from the University of
East Anglia (hftp:Hwww.cru.uea.ac.uk/cru/data/nao.htm).
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2.4. Other considerations
An examination of the ozone histograms showed that the distribution was not too skewed

during the summer months (see histograms in Figure 22). The distribution is much more
skewed in winter which might suggest that the analysis of the ozone concentrations should
be done in a logarithmic form. However, as can be seen in Figures 23. and 24, the use of a
log transformation of the ozone maxima does not improve the histograms so it was decided
not to change the original scale of the data.
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Fig. 22: Histograms of the daily maximum ozone concentrations for Lausanne (left) and
Payerne (right) in summer 1992-2002.
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Fig. 23: Histograms of both the daily maximum ozone concentrations (left) and their log
transformation (right) for Lausanne in winter 1992-2002.
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Fig. 24: Same as Fig. 23 but for Payerne.
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3. STATISTICAL METHODS
In a preliminary analysis, the direct influences of the individual meteorological parameters

on the afternoon maximum ozone concentrations were examined. The first observations
suggested that the ozone concentrations during the summer months were mainly explained
by the temperature, while in winter the ozone concentrations were usually more correlated
with radiation than with temperature. Depending on the location of the station, in particular in
the winter months, the ozone levels could be highly dependent on the wind direction. The
wind speed, water vapour mixing ratio and the day of the week were other parameters that
seemed to influence the ozone concentrations.

In a second step, a more objective selection of the main parameters which explained the
variability in the ozone concentrations was performed by using an analysis of covariance
(ANCOVA), which allows the use of both continuous and discrete variables (e.g. weekday,
wind direction pooled in different wind sectors, ... ). For that purpose the daily ozone maxima
were defined as the daily maximum value of the 12 hourly concentrations measured between
12:00 and 24:00 winter local time (MEZ), and were calculated only when there were at least
9 values 75% of the data). Both morning 6 h to 12 h (MEZ)) and afternoon 12 h to 18 h
(MEZ)) averages of some of the meteorological parameters were also calculated and
included in the model when there were at least out of the 6 hourly values 83% of the data).

The TOSS project analysed the trends of the monthly ozone maxima at several sites in
Southern Switzerland. The much larger number of parameters used in TROZOS made it
necessary to perform the ANCOVA model and the calculations of the trends for each station
on a seasonal basis: spring (MAM), summer (JJA), autumn (SON) and winter (DJF). The
winter periods were defined as Dec 1992 to Feb 1993, ... , Dec 2002 to Feb 2003.

Although the use of many meteorological factors increases the explained variance, those
individual factors are often dependent on each other, so that irrelevant or non-causal
relations between the meteorological variables and ozone might be introduced if all those
variables were kept in the final model. By using iterations the variable which least contributed
to the explained variance was removed step by step. The iterations stopped when the last
variable removed could raise the explained variance by at least 1%. That variable was
included into a multilinear model together with the rest of the variables which had not been
removed:

03(predicted) = a1A + a2A2 + ... + bl + b2 + b3 + --- + b + b22 --- c (3.1)

where

Aj, A2, continuous variables

a,, a2, coefficients qf the continuous variables

B1, B2, discrete variables

b1l, b12, b3, -.-, b2l, b72, coqfficients qf the discrete variables

C: intercept

The meteorologically corrected ozone can be calculated with the following formula:

03 (corrected) = meanO3 + [03(measured - 03(predicted)] (3.2)

where

meanO3: mean of the daily maximum ozone concentrations measured in the investigated
period (spring, summer, autumn or winter) of 1992-2002

03(measured): daily maxima of the measured ozone concentrations
03(predicted): modelled daily maxi .mum ozone concentrations calculated in 3. )
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The trends of the measured and corrected maximum ozone concentrations are given by
the slopes of the linear regression of the respective yearly median ozone concentrations
against the year Y:

yearlv median 03 easured)] = c + C2 Y + C (3.3)

yearly median 03 (orrected)] = dl + d2 Y + (3.4)

By taking just one value - the yearly median of the measured/corrected ozone
concentrations - per year one can avoid having to take into account the effect of the
autocorrelation of daily values on the estimation of the standard errors and confidence
intervals for the slope.

In a different approach, the year was included as a new variable together with the
parameters given by the final multilinear model 3.1) in order to directly calculate the trend of
the meteorologically corrected ozone:

03 (measured) = m Y + alA + aA2 + ... + bl + b2 + b3 + --- + b + b22 + --- c - 35)

The coefficient m is in this case the new value of the trends and can be compared with
the trends obtained from 3.4) and the linear model:

yearly mean 03 (corrected)] = el e2 Y + - (3.6)

1 5



4.RESULTS

4.1. Explained variance
On average the number of parameters used in the model increases from summer to

winter. This is due to the fact that in summer, when ozone production is predominant, most of
the variance can be explained with only temperature or with temperature and radiation. In
contrast, in the winter months the ozone destruction and the influence of local effects
become much more important, so more parameters are needed in the model. Appendix 
contains detailed information on the explained variance ("R 2 model") and the parameters
selected by the model for each station and season. The coefficients of those parameters,
which will be discussed in section 42, can also be seen in the Appendix .

The model is able to explain between 61 % and 76% of the variance in summer for most
of the sites. However, the explained variance is somewhat lower for Davos 52.2%) and
much lower for Jungfraujoch ( 19%). At Jungfraujoch the ozone concentrations show much
lower variability than at the rest of the stations and are more dependent on some
mechanisms such as changes in the continental to hemispheric emissions, long-range
transport, and stratospheric intrusions that cannot be captured by the model in any season.

In spring, the explained variance ranges from 62% to 71% at the low-altitude sites,
except for Lausanne and Sion, with 54.9% and 57.4% respectively. From all the low-altitude
stations, Lausanne and Sion are the ones with the lowest explained variance both in summer
and spring. These two stations can be considered as two of the most polluted ones (see NO,
levels in Table 22). As they are exposed to local sources, their ozone levels are lowered by
the titration with NO and thus less influenced by the local production (i.e. temperature or
radiation) and more difficult to be predicted by the model. The explained variance is around
50% - 60% at all the elevated stations except for Jungfraujoch 20.9%).

The explained variance in autumn varies between 67.1 % and 77.4% at all the low-
altitude stations, with the exception of Magadino 59.1 %).

More variability between the low-altitude stations in winter 49.1 % to 77.2% of explained
variance) can be due to the very different local effects affecting these stations in the cold
season.

For the four stations above 1000 m asl (Chaumont, Davos, Rigi-Seebodenalp and
Jungfraujoch) the explained variance hardly changes from season to season. Only in
summer, with somewhat higher ozone production due to the high temperatures and
irradiation, and possibly more convective episodes affecting these sites, the explained
variance really differs from the rest of the seasons. At Jungfraujoch the explained variance
ranges from 20%-28% from autumn and spring and is 12% in summer. At the other high
altitude stations, 47% to 59% are explained from autumn to spring whereas 52 to 71 is
explained in summer.

4.2. ANCOVA results: Influence of the meteorological and
additional parameters on the ozone concentrations

The interpretation of the parameters used to explain the variance in the ozone
concentrations is essential for a validation of the model. This section provides a detailed
explanation of every parameter and shows that the coefficients calculated by the model for
those parameters make sense in most of the cases. The likelihood that these coefficients
were different from zero was higher than 99.99% in most of the cases. All the coefficients for
each station and season can be found in Appendix .
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Afternoon temperature

We introduced separately the afternoon temperature (a -temp) and the squared
afternoon temperature (a-tem p2) in the model and kept the one which explained more
variance. The change in the results by using one parameter or the other in the model is not
really relevant. This variable usually explains the highest portion of the variance in summer
and spring, and is therefore included in the final model in most of the cases for spring,
summer and autumn, with a positive coefficient as expected. In contrast, for the winter
months, when ozone destruction dominates over ozone production, temperature does not
appear in the model for most of the stations.

Although the afternoon temperature is important to explain the ozone concentrations at
Lugano in summer, it was removed by the model because the information given by the
temperature was obviously included in other variables.

The influence of temperature on ozone at the elevated sites is lower than at the rest of
the sites. Apart from Lugano, Jungfraujoch is the only station where temperature is not
included in the model for summer, and the coefficient of temperature is even negative for
Davos in winter as well as for Jungfraujoch in winter and spring, which indicates that this
parameter is not very important at these sites.

Global radiation

Both global radiation in the morning (m_GlobRad) and in the afternoon (a_GlobRad)
were included in the initial model. When significant, the coefficients were positive. Morning
radiation is usually kept in the final model in spring and sometimes in summer - in summer
temperature can explain most of the variance - while afternoon radiation is usually not in the
model, mostly due to the fact that ozone is well correlated with the afternoon temperature
and hence the afternoon radiation is removed by ANCOVA.

A previous analysis of the data revealed a higher correlation of ozone with radiation than
with temperature for most of the sites in winter. This is due to the fact that more mixing of
primary pollutants induced by radiation reduces the effects of ozone titration with NO. Both in
winter and autumn, when the correlation between the afternoon temperature and the ozone
levels is not high, the model usually predicts a larger influence of the afternoon radiation in
comparison to the morning radiation.

Sunshine duration

As the afternoon and morning sunshine duration (a - Sunshine and m Sunshine) are
correlated with global radiation, they are usually not included in the final model, especially in
summer and spring. Surprisingly, the coefficients turned out to be negative for three stations
(Magadino, Chaumont and Rigi-Seebodenalp) during the cold season. A further analysis
revealed a positive correlation between the ozone concentrations and sunshine for these
stations. Only when sunshine was included in the model together with other variables, the
coefficient was negative at the same time as the coefficient for radiation (positive) became
larger.

In general, we can say that this variable is not able to explain an important fraction of the
variance. In most of the cases, the use of global radiation would be explanatory enough.

Afternoon water vapour mixing ratio

This factor (a_mix_ratio) is present in the final model for most of the low-altitude and
elevated sites in the different seasons. The coefficient is nearly always negative. One reason
for this might be that high mixing ratios are associated with cloudiness or fog and therefore
lower ozone production during the warm season. Low values of mixing ratio in the cold
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season might also be related to higher vertical mixing and thus lower ozone loss by reaction
with NO and dry deposition. In addition, low mixing ratios are expected at the elevated sites
in cases of subsidence of dry ozone-rich air masses.

The coefficient is positive at Lugano and Magadino in summer. However, it was not
included in the final model in the case of Magadino because it did not contribute more than
1 % to the explained variance. At these stations, high mixing ratios might lead to higher ozone
levels due to the enhanced OH concentrations, and low values of water vapour mixing ratio
or relative humidity are usually observed in North hn events which are accompanied by
low ozone levels (Weber and Prdv6t, 2002).

Wind speed

Afternoon wind speed (a - windspeed) or morning wind speed (m - windspeed) are present
in the final model for all the low-altitude stations in winter (except for Lugano) and autumn
(except for Basel, Lugano and Payerne), always with a positive coefficient. This suggests
that higher wind speeds favour the dilution of primary pollutants, which lowers the ozone loss
by titration with NO, and also lower the effect of the dry deposition on the ozone
concentrations. In most of the cases the wind speed in the afternoon and not in the morning
was kept in the model.

Neither the afternoon nor the morning wind speed are present in the final model in most
of the summer and spring cases. They appear only for H6rkingen, Magadino, Lausanne and
Jungfraujoch in spring (positive coefficients in all the cases), for Sion and Magadino (positive
coefficient) in summer, and for ZOrich and Rigi-Seebodenalp (negative coefficients) in
summer. The interpretation of the positive coefficients for H6rkingen, Lausanne and Sion -
stations close to local sources - is the same as for autumn winter. In Magadino, which is
less affected by the local sources, the coefficient might be positive in summer and spring due
to the fact that the highest ozone levels are registered when there is advection from the Po
basin. The enhanced dispersion of primary pollutants causing lower ozone production due to
higher wind speeds seems only to be important at Rigi-Seebodenalp and surprisingly at
Z0rich.

Wind direction

For the correct interpretation of the model results concerning wind direction (a - windir:
wind direction in the afternoon; m_windir: wind direction in the morning) one should take into
account the afternoon NO., levels from the different wind sectors (see Table 22). The
coefficients of the wind direction are significant for 7 stations in winter, 6 in autumn and
summer, and 4 in spring. The model usually predicts lower ozone levels when the wind blows
from the sector with higher NO., levels, which suggests higher ozone titration in those cases.
Here is a more detailed analysis station by station:

BAS: In summer the coefficients of the wind direction are not significant. During the other
seasons, the ozone levels are lowered with wind from the sector 0-180' due to titration with
NO, as the air is more loaded with primary pollutants for wind from this sector.

CHA: Higher NO,, concentrations can be seen in Table 22 for advection from the sector
0'-180'. This behaviour is the same for the different seasons but the effect is different in
winter, season in which ozone destruction is predominant, and summer, when ozone
production is more important. According to the model results, the higher levels of primary
pollutants with wind from the sector 0'-180' result in lower ozone levels in winter due to
higher titration with NO, but enhanced ozone concentrations in summer due to the advection
of air loaded with ozone precursors.

DAV: No influence of the wind direction as expected from Table 22.

DUE: No influence of the wind direction as expected from Table 22.
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HAE: As expected from Table 22, the model predicts higher ozone levels with cleaner
wind from the sector 330'-120' due to lower titration. The coefficients for the other two wind
sectors 120'-180' and 180'-330') are similar, which suggests that if we had pooled these
sectors into one the results would have been very similar.

JUN: The model predicts higher ozone levels in summer when the wind comes from the
sector 60'-240', which can be due to the advection of aged air masses from south of the
Alps.

LAE: Table 22 shows somewhat higher Nx concentrations for wind from the sector
2700-900. From the model results, this leads to lower ozone levels with wind from that sector
only in winter. This might be attributed to the importance of local effects and ozone
destruction by titration in winter but also to the observation of more days with afternoon wind
from that sector in winter in comparison to the rest of the seasons.

LAU: Polluted station in the centre of the city. Ozone concentrations are influenced by
wind speed but not by wind direction.

LUG: Although the Nx levels are similar for both sectors in Table 22, the model results
show higher ozone levels in spring/summer with wind coming from the sector 60'-2400. This
is due to the advection of polluted and aged air masses from the Po basin, Northern Italy.

MAG: Table 22 shows higher Nx levels with winds coming from the sector -1800.
However, this is only the averaged behaviour for the whole year and the dependence of the
measured NO,, concentrations on the wind direction changes from month to month. The
model predicts more ozone with wind coming from the west sector 1800-3600), except for
winter, season in which the wind direction does not seem to be relevant. From the model
results, summer is the season with higher increase in ozone for wind from the west sector.
Due to the location of this station in a SW-NE oriented valley, westerly wind is measured
when there is advection from Northern Italy, which explains the higher ozone levels for that
wind sector.

PAY: From Table 22, higher NO,, concentrations can be expected with wind from the
sector 300'-1200. However, a detailed analysis for every season shows that the difference in
the Nx concentrations between the two wind sectors is stronger in autumn winter than in
spring and that this pattern is inverted in summer, i.e. higher Nx concentrations coming from
the sector 1200-3000. From the model results, the higher titration of ozone with NO seems to
lead to lower ozone concentrations for 300'-120' wind in winter/autumn and 1200-300' wind
in summer.

RIG: Table 22 shows higher concentrations of Nx for the sector 0-1800. Although this
behaviour is observed during the whole year, the model only predicts lower ozone with wind
from that sector during the cold seasons (winter and autumn) due to titration. No significant
influence of the wind direction is predicted for summer/spring, probably due to the fact that
the higher ozone destruction - titration with NO - and the higher ozone production - air
loaded with higher concentrations of ozone precursors - compensate each other.

SIO: In contrast to what was expected from Table 22, the model does not predict
significant coefficients for the wind direction in any season. There might be several reasons
for this. First, the differences in the NO. levels from both sectors are lower when considering
a single season than when we analyse the whole year. Second, in most of the seasons -
except in winter - the days with averaged wind in the afternoon coming from the most
polluted sector 3300-1500) are not very frequent. Finally, the rest of the parameters used
(e.g. global radiation, wind speed, mixing ratio, dTp, ... for winter) were obviously able to
already capture most of the variance and the wind direction simply does not rise the
explained variance more than 1.

TAE: Although Table 22 shows higher NO,, levels with wind from the sector 330'-1 50' a
more detailed analysis revealed that the differences between both sectors are important only
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in winter/autumn. This agrees with the results of ANCOVA as it predicts lower ozone levels
with wind from the mentioned sector only in winter and autumn.

ZUE: The coefficients of the wind direction are not statistically significant.

Parameters of stability or mixing

As already explained in section 23, different parameters that are related to the
atmospheric stability and thus to the vertical mixing and dilution of pollutants were introduced
in the initial model in order to study their influence on the ozone concentrations. These
parameters were: CAPE on the investigated day (CAPE) and on the previous day
(prev-CAPE), convective boundary layer mixing height (CBL), vertical gradient of the
potential temperature (dTp), precipitation on the investigated (precipitat) and previous day
(prev-precipitat), as well as close and distant lightning on the investigated and on the
previous day.

ANCOVA showed that two of these parameters - lightning and CBL - can hardly explain
some of the variance in the ozone concentrations. Lightning had no relevance in any of the
examined cases and CBL was significant only for CHA in autumn.

The model results suggest that more ozone is found on days with precipitation at some
of the sites during the cold season. This is the case of Basel and Tinikon in autumn as well
as Hirkingen and Payerne in winter. However, less ozone seems to be found after days with
precipitation at Davos in spring and Lugano in summer. Although these results are according
to the expectations - lower titration and dry deposition during the cold season when there is
precipitation and lower ozone production when there is precipitation in the warm season -
the coefficients are significant in just a few cases. This reflects that part of the information
given by this parameter is already contained in other parameters related to mixing (CAPE,
dTp, water vapour mixing ratio) or cloud cover (radiation).

CAPE and dTp are two parameters directly related to vertical mixing and convection.
Positive coefficients for CAPE and dTp suggest that higher ozone concentrations are found
with higher convection vertical mixing. The opposite can be expected when the coefficients
are negative. However, we should be aware of the limitations of these parameters. CAPE
was calculated from the atmospheric soundings at Payerne and Linate, which does not allow
definite conclusions about their influence at the elevated stations. dTp can also be significant
or not depending on the characteristics and local weather of the stations chosen for its
calculation.

The influence of dTp is especially important during the cold season. Its coefficients are
significantly positive at eight low-altitude sites in winter and at six in autumn, which means
that with enhanced vertical mixing less ozone is deposited on the ground or titrated by NO.
The same applies - lower ozone loss by titration with good mixing - to two of the polluted
stations during the warm season (Sion in spring and Lugano in summer). A significantly
positive coefficient found for Jungfraujoch in spring suggests that higher ozone
concentrations can be expected at this alpine location when primary pollutants are pumped
from the lower boundary layer. At Chaumont and Rigi-Seebodenalp negative coefficients are
found in winter. This could be due to air masses from the boundary layer depleted in ozone
reaching the higher altitude stations when vertical mixing is enhanced.

According to the coefficients of CAPE, very similar explanations are valid for its influence
on the ozone levels: higher ozone levels are expected at a low-altitude site (Sion) in autumn
as well as at the elevated sites (Davos in spring and summer, Jungfraujoch in summer) and
at one suburban site (DObendorf in spring and summer) during the warm seasons under
good mixing conditions. In the case of Magadino, rural site, the significantly negative
coefficient obtained for summer means that the higher dilution of ozone precursors under
good mixing conditions lowers the ozone concentrations. As CAPE is calculated from the
atmospheric sounding at Payerne, the positive coefficients of CAPE for Davos, Rigi-
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Seebodenalp and Jungfraujoch in autumn could be random effects (deep convection might
lead to higher ozone levels at these stations in summer but hardly in autumn).

To sum up, we can state that the difference of potential temperature is the "stability
parameter" which better explains the ozone variance, especially during the cold season.
These variables can describe different local or regional influences at different sites. In most
of the cases in which they were significant the results were in agreement with the
expectations. The influence of these parameters is usually more significant in winter than in
summer. The main reason for this is that in winter the ozone destruction, which is related to
the mixing conditions in the boundary layer, dominates over the ozone production, which is
mainly driven by temperature and radiation.

Weekday

As mentioned in section 23, the effect of the weekend is different depending on the
season and the type of station. The coefficients are significant for all the polluted stations -
urban, agglomeration and rural close to motorway - in winter, autumn (except for Lugano and
Basel) and spring (except Sion). As these stations are close to the sources, higher ozone
levels are registered on Sundays (positive coefficients for that day) even in spring as a result
of the lower ozone titration by NO. The same applies to two of the rural stations - T6nikon
and Magadino - in winter due to the high ozone destruction and low ozone production during
that season.

In summer, the weekday is not relevant for most of the polluted stations probably
because the lower ozone titration at weekends is compensated with the lower ozone
production due to the decreased emissions. At Lausanne, a very polluted station at which
titration is predominant regardless of the season, the coefficients are positive at weekends
(i.e. more ozone at weekends). At Lugano, the reduced production of ozone is more
important than the increase due to less titration at weekends, thus the coefficients are
negative on Sundays and Mondays. In general, the influence of the weekend is not important
for most of the rural stations, as significant coefficients (negative from Saturday to Monday)
were found only for Payerne, Davos and Rigi-Seebodenalp. At these stations, which are not
very exposed to the local sources, the decrease in the emissions of ozone precursors at
weekends results in lower ozone concentrations.

Month

The negative coefficients for the class "August" and the positive coefficients for "No
August" confirm that the "vacation effect" (lower ozone in August) affects Southern
Switzerland. The model predicts a difference between the ozone concentrations in August
and the rest of the summer months of 12.7 ppb for Lugano and 7.8 ppb for Magadino As
expected, the "vacation effect" is more important at Lugano as this station is closer to Italy
than Magadino.

Synoptic group

When ANCOVA selects the synoptic group as one of the variables which is able to
explain an important fraction of the variance, that does not mean that all the coefficients of
the weather classes are significant. In many cases the coefficients of some classes will not
really make physical sense, and the ozone concentrations will be sensitive to only some of
the classes. We will give some possible explanations for those classes for which the results
are more consistent (e.g. coefficients with the same sign for the stations of the same type)
and for the classes with more influence on the ozone levels (i.e. the coefficients with higher
absolute value). We should also take into account that the synoptic group does not
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necessarily reflect the situation in the boundary layer but at the 500 hPa level. The
interpretation of the results have been done separately for the different seasons:

- Summer: The coefficients of the synoptic group are statistically significant only for Lugano.
The positive coefficient for class A suggests higher ozone levels under anticyclonic
conditions, due to the high radiation and temperature as well as to the stagnation of the air
masses. Negative coefficients for classes W (westerly advection) and N (northerly advection)
suggest lower ozone levels with air from cleaner areas and also due to the enhanced vertical
mixing.

- Spring: The coefficients are statistically significant for three low-altitude sites (Lausanne,
Lugano and Magadino) and three elevated sites (Chaumont, Davos and Jungfraujoch).
As in summer, less ozone is expected for westerly advection (W) for all the stations.
Similarly, mixed conditions (M) also lower the ozone levels for all the stations except for
Jungfraujoch.
For Lausanne less ozone is predicted under anticyclonic conditions (negative coefficient for
class A) due to the higher titration. The coefficient of this class is also negative for the
highest sites - Jungfraujoch and Davos - which might suggest that the boundary layer air
influencing the higher altitude sites during these conditions is depleted in ozone compared to
other days. Higher ozone under anticyclonic conditions is expected at the stations in the
south (the explanation would be the same as in summer) and this is also found at Chaumont.
The decrease in ozone at Magadino and Lugano with northerly winds (class N) is also
expected due to the advection of air masses with an origin different from Italy.

- Winter: The coefficients are statistically significant for 12 sites.
The coefficient of the class A is negative for most of the low-altitude sites, reflecting the
higher titration and dry deposition under stable weather conditions.
Westerly advection always seems to result in more ozone. The same happens in general for
two of the other advective types (N and S). In general, the vertical mixing induced under
those conditions might inhibit the effects of the titration and dry deposition on the ozone
concentrations.
In contrast to the other advective types, the coefficient of class E (easterly advection is
always negative and its absolute value is usually high. An inspection of the values of some of
the others meteorological parameters as a function of the synoptic group revealed that the
coldest afternoon temperatures are usually registered for easterly advection in winter (see
Table 41.) which might explain the decreased ozone concentrations.

- Autumn: The coefficients are significant at 12 sites.
More ozone is always predicted under cyclonic conditions (class C), due to the higher vertical
mixing. The same is usually the case for mixing conditions (M) and northerly advection (N),
except for the stations in the south, Lugano and Magadino. The coefficients of class A
(anticyclone) are negative for all the low-altitude stations again with the exception of the ones
in the south. All these results suggest that at this time of the year stable weather conditions
lead to ozone destruction north of the Alps but ozone production can still be important south
of the Alps.

In general, more meteorological parameters have been needed to explain the variance in the
ozone levels for the cold seasons in comparison to the warm seasons. Therefore, it is not
surprising that the coefficients of the synoptic group are statistically significant at more sites
during the cold seasons.
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Table 41. Median of the winter afternoon mean temperatures C) as a function of the
synoptic classes during the period winter 1992/1993 - winter 2002/2003 for those NABEL
stations with highest influence of class "E" on the winter afternoon maximum ozone
concentrations. The field "ndays" is the number of days in which every class was registered
during the whole winter period.

Synoptic group ndays BAS SIO PAY CHA DAV RIG

A 224 6.2 5.5 3.8 2.8 4.0 4.0

C 34 0.6 2.5 0.8 -4.8 -3.5 -4.3

E 61 1.0 0.6 -0.5 -4.8 -4.7 -4.9

1 216 2.5 3.7 1.7 -1.5 -0.5 -0.2

M 63 5.0 5.1 3.5 -2.5 -0.6 -1.0

N 171 4.1 3.6 3.3 -4.8 -1.1 -1.6

S 96 7.0 7.3 4.b 2.7 5.3 4.1

W 127 8.3 5.6 7.4 1.2 4.4 3.0

Number of days after front

This variable is significant for nine stations in summer and six stations in winter.

For the nine summer cases, the more days after a front the more significantly positive the
coefficients are. This should be due to the fact that the days following a front passage are
usually accompanied by an increase in temperature and more stagnation of the air mass,
which should lead to higher ozone concentrations day after day.

The opposite - the coefficients become significantly negative a few days after a front -
happens in winter, at least for the low-altitude sites, which means that the stability favours
the ozone loss by titration and dry deposition.

It is interesting that in the more variable seasons, spring and autumn, the number of days
after front does never explain a significant variance.

NAO index

The coefficient of this variable is significant only for Sion in winter (positive) and spring
(negative), and for Chaumont in spring (negative). This clearly suggests that the monthly
NAO index does not play an important role in explaining the daily afternoon ozone maxima
and only appears randomly in the three commented cases. However, we decided to keep in
the final models both the NAO index and the rest of variables when their coefficients
calculated in ANCOVA were significant.
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Summary of the ANCOVA results
The capability of the different meteorological and additional parameters to explain the

variability in the ozone concentrations is summarized in Table 42, which shows the number
of stations where each meteorological factor was selected per season in ANCOVA 3. 1).

The square of the afternoon temperature, the morning global radiation and the water
vapour mixing ratio are the most explanatory variables in summer and spring. It is also
interesting to note the importance of the number of days after front in summer. The synoptic
group in spring and the weekday should also be considered in summer and spring, although
their importance is higher in the colder seasons.

The square of the afternoon temperature is still the most explanatory variable in autumn,
as high temperatures in autumn can still yield ozone production and are also connected to
the radiation and thus to the vertical mixing, with subsequent involvement in the ozone
destruction. However, a temp and (a -tem P)2 were selected in less than half of the stations in
winter. The most important variable in this season is the afternoon global radiation, which
can be related to the vertical mixing and thus the ozone destruction by titration and dry
deposition in the boundary layer. It is interesting that the synoptic group was selected for 12
stations in both winter and autumn. The afternoon mixing ratio was also selected for 9
stations in these stations, which confirms its importance regardless of the season. The
afternoon wind speed and the vertical gradient of the potential temperature acquire more
importance in the colder seasons.

Both the wind direction and wind speed in the morning do not seem to be able to explain
a high portion of the variance in any season, while the wind direction in the afternoon might
be considered in every season as its importance is more related to the characteristics of the
station and its exposition to the local sources.

If a really small amount of variables is required to be used consistently for all the stations,
the parameters with numbers in bold from Table 42 in addition to the afternoon wind
direction are suggested to be used in every season:

Spring: square of the afternoon temperature, water vapour mixing ratio in the afternoon,
morning global radiation.

Summer: square of the afternoon temperature, days after front and month (for the
stations south of the Alps).

Autumn: square of the afternoon temperature, water vapour mixing ratio in the afternoon,
synoptic group.

Winter: afternoon global radiation, synoptic group, afternoon wind speed, vertical gradient
of the potential temperature, water vapour mixing ratio in the afternoon, weekday.

24



Table 42. Number of times that each parameter was selected per season in the ANCOVA
model 31). Numbers in italic indicate that the variable was selected in at least 13 of the
stations. Numbers in bold indicate that the variable was selected in at least half of the
stations. "N" is used to denote the seasons in which the variable was not used.

spring summer autumn Winter

a-temp 2 0 3 4
(a_tem P)2 13 13 12 2

a-mix-ratio 10 7 9 9

a-Sunshine 1 0 4 3

a-GlobRad 1 1 7 15

a-windspeed 2 3 5 10

a-windir(') 4 5 6 4

m-GlobRad 13 6 3 1

m-Sunshine 1 2 1 1

m-windspeed 2 1 2 2

rn windir(') 1 3 0 3

CBL mixing height 0 0 1 0

CAPE 1 1 3 N

prev CAPE 1 3 2 N

dTp(Tpl -Tp2) 2 1 6 10

Precipitat 0 0 2 2

prev_precipitat 1 1 0 0

close lightning 0 0 0 0

close lightning (prev. day) 0 0 0 0

distant lightning 0 0 0 0

distant lightning (prev. day) 0 0 0 0

Weekday 6 5 5 9

Month N 2 N N

Synoptic group 6 1 12 12

days after Front 0 9 0 6

NAO index 2 0 0
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4.3. Trends of ozone maxima in 1992-2002
Table 43 summarizes the trends of the yearly median of corrected daily ozone maxima

as calculated with the linear model 34). Trends are given for each station and season,
together with the confidence intervals at 95%. The grey shaded cells indicate significant
trends at 5% levels.

The ozone variability is similar in spring and summer, with trends within the range of
-0.16 to 109 ppb y-1 in spring and 0.06 to 095 ppb y-1 in summer. Although no important
changes were found in the Nx concentrations after the shift of the Zorich station in 1997 -
see section 22 - it is preferable not to consider the value of the trend for this station in
summer (-0.34 ppb y-1) as it significantly differs from the variability observed at the other
stations. Autumn and winter are comparable to each other, with ozone trends of 04 to ppb
Y-1 in autumn and 036 to 095 ppb y-1 in winter.

No significantly negative trends were found. In most of the cases the trends are positive
but their confidence intervals are usually too large in summer and spring. Generally,
significantly positive trends were found at the urban site (Lausanne) for all seasons, for most
of the stations in winter and autumn, and for only a few stations in spring/summer. These
positive trends at the low-altitude stations are probably mostly due to the decrease in the
emissions of primary pollutants throughout the 90s, which could have led to lower ozone
destruction by titration, especially during the cold seasons and at the urban sites. The
absence of negative trends in summer suggests that the reductions in ozone precursors in
Switzerland and the neighbouring countries did not have an impact on the yearly medians of
the summer daily maximum ozone concentrations. Either the production was not strongly
altered or more likely the decrease in local production was compensated by increased
background.

Upward ozone trends at the elevated stations (Davos, Rigi-Seebodenalp, Chaumont and
especially Jungfraujoch) in spring, autumn and winter are possibly related to increasing
background ozone concentrations. However, the causes for this increase remain unclear,
since "background ozone" is influenced by different processes such as photochemistry on a
continental and on a hemispheric scale, large-scale transport and stratosphere-troposphere
exchange, as already pointed out in Br6nnimann et al. 2002). Moreover, this work has only
analysed the trends of maximum ozone and has not used any chemical or meteorological
filters in order to select conditions similar to background, so these results can just give some
weak indications for increasing background ozone. In addition, it should be noted that
changes in the ozone background might vary with altitude. In summer, when the high altitude
stations are much more influenced by the boundary layer, the trends are still positive but very
close to zero for Rigi-Seebodenalp and Chaumont, and are somewhat higher than zero for
Davos 0.17 ppb y-1) and Jungfraujoch 0.45 ppb y-1).
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Table 43. Trends of the yearly median of the corrected ozone maxima and 95%
confidence intervals as calculated with 3.4). Trends are given in ppb y-'.

Station Spring Summer Autumn Winter
MBasel 0.30 ± 046 0.38 ± 052 0.66 ±045 z: �OAI

Chaumont 0.5 ± 0.58 0.07 ± 049 0.43 0.48 I D 0371-

Davos 0.28 ± 033 0.17 ± 033

DObendorf _20AO4�"6 0.0 ± 045

1-16rkingen (16 0.30 ± 056

Jungfraujoch OM + 059 0.45 ± 054

L�igeren 0.44 0.46 0.13 ± 041 2Ai�� + 43 0.55 0.61

Lausanne 0! q�jll M

Lugano 0.22 0.76 0.08 0.55

Magadino 0.16 1.03 0� 0.42 0.54 V36 i %26

Payerne 0.14 0.43 0.06 0.40 OA� ±;U7 ±R25��

Rigi-Seebodenalp 0.50 0.50 0.06 0.40 D.' &39-

Sion OA9*- 7---MM M95

T;jnikon 0 ± 033 0.26

ZOrich 0.44 ± 061 0.34

The trend of the yearly median uncorrected ozone maxima 3.3), the trend of the yearly
averaged corrected ozone maxima 3.6) and the trend including the year in the linear model
(3.5) were also calculated. The results for the four seasons are given in tables 44 to 47.
Trends are given together with their confidence intervals at 95%. The grey shaded cells
indicate significant trends at 5% levels. In most of the cases the trends calculated with the
model 34) do not differ from those calculated with the models 36) and 35). Only for
Davos in spring and Rigi-Seebodenalp in autumn, the trends calculated including the year in
the model 35) are substantially different from those calculated with the "mean (corr 03)

model" 3.6) and the "median (corr 03) model" 3.4). This suggests that the results are not
very dependent on the model chosen. In general, the confidence intervals calculated for the
models 34) and 36) are also very similar to each other. For a correct and complete
calculation (not in the scope of this work) of the confidence intervals when the year is
included in the model 3.5) the autocorrelation of the time series would have to be taken into
account.

The trends of uncorrected (i.e. measured) ozone maxima are always positive in spring
(except for Magadino), winter and autumn. In most of the cases these positive trends are
reduced after the meteorological correction. In contrast, small negative trends in the
uncorrected ozone maxima are found at eight stations in summer. These summer trends
usually become more positive after the meteorological correction.

The figures in Appendix 2 depict the year-to-year variability of the uncorrected ozone
maxima calculated with the "median (uncorr 03) model" 33) - left hand side plots in the
appendix - and the meteorologically corrected ozone maxima calculated with the "median
(corr 03) model" 3.4 - right hand side plots in the appendi 2x - for each station and season.
These figures also include the calculated values of &E , an estimate of the standard
deviation of the vertical scatter around the fitted line which is given by

&E 2 SSE
n - 2
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where SSE is the sum of squared errors in the regression and n is the sample size (usually
1 1, i.e. 1 1 years from 1992 to 2002). There is a high variability in the yearly median
uncorrected (i.e. measured) ozone concentrations for most of the stations and seasons. This
variability is reduced after the meteorological correction. The yearly median corrected ozone
concentrations usually lie closer to the trend line in most of the cases, as can be seen from
the lower values of Yr:' for the corrected ozone maxima (right plots) in comparison to the
uncorrected ozone maxima (left plots). There are only a few cases in which the values of &E 2

are lower for the uncorrected ozone maxima: Magadino in spring, both Davos and
Jungfraujoch in summer and winter, and Rigi-Seebodenalp in autumn. On average '2 

reduced by 65% after the meteorological correction.
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Table 44. Trend of the yearly median uncorrected 03 maxima (model 33), trend of yearly
mean corrected 03 maxima (model 36), trend of daily 03 maxima including the year in the
model (model 35) and trend of the yearly median corrected 03 maxima (model 34) for each
station in spring. Units: ppb y-'.

Median Mean mean 03 (year included median
(uncorr 03) (corr 03) in the model) (corr 03)

Basel 0.51 ± 075 0.31 ± 048 0.30 0.30 ± 046

Chaumont 0.68 ± 077 0.46 ± 060 0.48 0.5 ± 0.58

Davos 0.29 ± 034 0.04 0.28 ± 033

Dbbendorf 0.37 ± 074 0.35 ± 038 0.36 M 35

H5rkingen 0.61 ± 077 0.42 ± 052 0.43

Jungfraujoch �Wl OM 0.53 ± 0.58 0.62 0.61 

1-5geren 0.42 0.68 OAI ± 037" 0.40 0.44 0.46

Lausanne 1 �iz M45 -I 1�00 ± 32 1.04 1 09 OAO

Lugano 0.77 0.95 0.36 0.75 0.29 0.22 0.76

Magadino -0.21 0.97 -0.31 0.92 -0.33 0.16 1.03

Payerne 0.21 0.43 0.10 0.35 0.10 0.14 0.43

Rigi-Seebodenalp 0.55 0.59 0.41± 044 0.41 0.50 0.50

Sion 0.5 ± 057 0.37 0.41 0.37 OA91 036

T5nikon 0.46 ± 068 0.34 039f 033

Nrich OM ± 074 0�52 �i- 0.33 0.44 ± 061

Table 4.5. As Table 44 but for summer. Trends in ppb y-1.

median mean mean 03 (year included median
(uncorr 03) (corr 03) in the model) (corr 03)

Basel 0.19 0.67 0.36 ± 0.43 0.37 0.38 ± 052

Chaumont -0.13 0.67 0.05 ± 042 0.02 0.07 ± 049

Davos 0.04 0.31 0.13 ± 028 0.13 0.17 ± 033

DObendorf -0.22 0.90 -0.04 0.47 -0.04 0.00 ± 045

H5rkingen 0.38 ± 0.72 0.20 0.39 0.20 0.30 ± 0.56

Jungfraujoch 0.36 ± 0.51 -&57 + MM 0.58 0.45 ± 054

Ugeren -0.05 0.82 0.16 ± 039 0.17 0.13 ± 0.41

Lausanne W 1&97 *043 0.98 ADM A

Lugano -0.30 1.06 0.06 ± 0.48 0.06 0.08 0.55

Magadino -0.25 0.93 0.30 ± 031 0.27 775iiiO.W
Payerne -0.25 0.67 -0.04 0.36 -0.05 - 0.06 0.40

Rigi-Seebodenalp 0.10 ± 0.77 0.16 0.38 0.15 0.06 0.40

Sion 0.25 ± 0.34 R��3 0.409 STE 6.86 i

T�inikon -0.08 ± 0.76 0.24 0.30 0.24 0.26 0.29

Zijrich -0.10 ± 0.82 -0.29 0.35 -0.32 - 0.34 0.42
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Table 46. As Table 44 but for autumn. Trends in ppb y.

median mean meanO3 (year included median
(uncorrO3) (corrO3) in the model) (corrO3)

Basel 1.21 ± 0.96 MMM W� 0.64 AM 046
Chaumont 0.46±0.59 -VA91"ASI 0.50 0.43 0.48

Davos 0.41 ± 031 0.40 0.21 0.40

Dijbendorf 0.75 UZ 0.77 0 7

H5rkingen io ±2 0 0.59 :38
Jungfraujoch V66 EMU Mmzsi-OA4 0.56

1-5geren DM ik A6 0.56 Oi
Lausanne 1.03 M-
Lugano 1214-12W 0.38 ± 046 0.40
Magadino �i &614� V90 0.45 ± 047 0.46 0.42 0.54

777777--Payerne --M92 i052 0.42 41ED

Rigi-Seebodenalp M38 071 OR 0.03
Sion 09i 4 M57 �MAM±bW 0.64 WiCO.39
T5nikon O� 0.59 Z�61 ±T42��
ZUrich icim-t 0.55

Table 47. As Table 44 but for winter. Trends in ppb y-'.

median mean meanO3 (year included median
(uncorrO3) (corrO3) in the model) (corrO3)

Basel 1.17 ± 144 3 0.66 4
Chaumont 0.39 ± 046 sagas 0.50 046

Davos DA" A�-- - 0.45 +
DUbendorf 0.71
Hkkingen 2IfM MkO29
Jungfraujoch IBM" 0.67
1-5geren 0.52 0.55 0.61
Lausanne 0.84 + om�
Lugano 0.50
Magadin 0.25 0.33 0.22 O:W*�O
Payerne 1.20 1.24 0.59
Rigi-Seebodenalp 0.73
Sion MM 0.91
T5nikon 0.80

Z6rich -C 1.13 0 0.72 1 M
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4.4. Trends of Ox maxima in 1992-2002

To better support the hypothesis of lower titration causing an ozone increase in the cold
seasons (winter and autumn) and at Lausanne, the trends of Ox were calculated. As Ox is the
sum of ozone and NO2, it takes into account the ozone which reacts with NO to N02 It

should be noted that the standard Nx measurements are performed with molybdenum
converters. These instruments are sensitive to PAN, so the N02 measurements and thus the
measured Ox concentrations are not precise. Only at the Jungfraujoch station a CRANOX
analyser (instrument with photolytic converter) performs true measurements of N02-

The meteorological correction of the daily Ox maxima is analogous to 3.1). The explained
variance is shown in Table 48. It is interesting that the explained variance is especially low in
winter, in particular lower than 45% at some of the polluted stations: 40.31% at Basel,
43.06% at Dbbendorf, 41.15% at Lausanne, 37.98% at Lugano and 41.38% at Zorich As
the O., concentrations take into account the ozone which is lost by reaction with NO, the
influence of all the meteorological factors affecting the vertical mixing and thus the ozone
titration is reduced, which results in lower explained variance for the corrected O., maxima in
winter compared to the corrected ozone maxima.

Table 48. Explained variance (%) of the meteorological correction of daily Ox maxima for
each station and season. The meteorological correction is analogous to 2.1.

spring Summer autumn Winter

Basel 67.18 69.90 69.35 40.31

Chaumont 51.61 68.12 62.41 54.78

Davos 42.07 48.34 43.38 54.57

DUbendorf 67.96 74.98 71.13 43.06

H5rkingen 61.42 70.77 66.41 54.86

Jungfraujoch 33.39 11.36 22.90 18.13

Ligeren 67.85 74.85 66.42 53.13

Lausanne 62.93 72.67 66.85 41.15

Lugano 65.89 60.29 63.87 37.98

Magadino 50.96 64.50 61.65 47.34

Payerne 61.20 70.33 72.71 58.31

Rigi-Seebodenalp 60.51 65.55 60.37 50.81

Sion 53.72 63.41 67.44 51.29

T5nikon 67.98 75.85 73.91 59.12

Nrich 66.63 71.17 68.97 41.38

The trends of the yearly median corrected 0. maxima were calculated with the same
method - see formulae 3.2) and 3.4) in section 3 - used for the calculations of the trends of
the corrected ozone maxima. The Ox trends, together with the confidence intervals at 95%,
can be found in Table 49. The grey shaded cells indicate significant trends at 95%. Although
the trends are still significantly positive for most of the stations in winter and for some
stations in autumn, the trends of most of the low-elevation sites are reduced in all the
seasons compared to the trends of ozone maxima (see Table 43). In summer, the 0, trends
are even negative or very close to zero for all the low-elevation sites, with the exception of
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T6nikon and Magadino. In particular, some of the polluted stations (e.g. Basel, H5rkingen,
Lausanne and Lugano) present positive trends of ozone maxima in summer/spring while the
trends in Ox maxima are either negative or very close to zero.

In section 43 we hypothesized that the significantly positive trends of ozone maxima in
Lausanne were due to the lower ozone titration with NO as a consequence of the decreased
NOx emissions. These ozone trends were close to ppb y-1 in spring, summer and autumn,
while the trends of O., in these seasons are very close to zero, which supports the
hypothesis.

Table 49. Trends of the yearly median of the corrected Ox maxima and 95% confidence
intervals as calculated with 3.4). Trends are given in ppb y-1.

spring Summer Autumn winter

Basel 0 ± 053 -0.07 0.41 0.34 ± 043 A2

Chaumont 0.70 0.74 0.24 0.43 0.53 ± 057 RGA-71

Davos 0.23 0.39 -0.10 0.27 dA0 0.22

DEibendorf 0.17 ± 057 -0.34 0.51 4504ia�38 Z7

Wirkingen 0.01 ± 038 -0.22 0.41 0.12 ± 0.50 0.26 0.37

Jungfraujoch 0.51 ± 054 0.40 ± 059 "Q* 9�42 t�67�+

Ligeren 0.13 ± 052 0.03 ± 045 0.24 ± 056 0.21 0.55

Lausanne -0.03 ± 048 -0.03 ± 060 0.04 ± 049 A40� 032

Lugano -0.38 ± 057 -0.40 ± 064 -0.28 0.55 0.12 ± �57

Magadino 0.53 ± 112 0.35 0.63 0.10 0.56 0.07 ± 031

Payerne 0.09 ± 049 -0.17 0.48 0.28 0.35 044 %��.�± A

Rigi-Seebodenalp 0.49 ± .50 0.16 0.48 14 A74 &02T��

Sion 0.36 ± 057 -0.03 0.47 b.36 0.64 ± AQ

Tinikon A7��tDA30 0.31 0.36 04r�"q A65 + b�jp
�OAO 0.4� 0.01 ± 052 0.21

Zfirich -0.26 ± 068 + 56
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4.5. Trends of the percentilesOf 03maxima in summer 1992-2002
The trends of different annual percentiles of both measured and corrected daily ozone

maxima were studied for each station in summer 1992-2002. The meteorological correction
is similar to 31), with a different stop criterion based on the likelihood of the coefficients
according to the F ratios of the predictors, and the corrected ozone was calculated with 3.2).
The trends of the percentiles 1", 2 nd , 3d, ... 98 1h and q9th of the measured and corrected
ozone are given by the coefficients of the year Y in the models:

Yearly, ith-percentile 03 (measured)] =fj +.f2 Y + (3.7)

Yearly, ith-percentile 03 (corrected)] = g + g2 Y + (3.8)

The figures in the Appendix 3 show the values of the trend together with the confidence
intervals as a function of the percentile chosen. Three groups of stations were identified
according to the percentile dependence of the corrected 03 trends.

There is a group of stations where the trend remains nearly invariable for the different
percentiles and only becomes more negative for the very high percentiles. This is the case of
Chaumont, H5rkingen, 1-6geren, Lugano and Magadino. As an example, Figure 41 shows a
downward trend only for the high percentiles of corrected ozone maxima at H6rkingen. It is
also interesting to see in this figure that the confidence intervals become smaller for the
corrected data, in particular for the high percentiles.

HAE Summer

CD,
rq C4

............ ........

CD CD

CL CL

O C1 CD
........ ....... %

0 9E
C 0
9

a 20 40 60 80 100 0 20 40 60 80 100

ith percentile ith percentile

Fig. 41. Dependence of the trend of measured (left panel) and corrected (right panel)
ozone maxima on the ozone percentile chosen for its calculation at H6rkingen during the
period 1992-2002. These trends (circles) correspond to the slopes f2 and 92 in 37) and
(3.8), respectively. The 95% confidence intervals are given by the distances between dots
and circles.

For other stations like Davos, Jungfraujoch and Sion (e.g. see Fig 42 for Jungfraujoch)
the trends of corrected ozone maxima do not seem to depend on the percentile chosen.

For a larger group of stations (Basel, Dbbendorf, Lausanne, Payerne, Rigi-Seebodenalp,
T6nikon and Crich) the trends of corrected ozone maxima generally become less positive
(or more negative) from the lower to the higher percentiles, and only for a few of these
stations (e.g. see plot for Basel in Appendix 3 the trend becomes more positive for the very
high percentiles. Although the trend is always significantly positive for Lausanne (see
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Appendix 3 it decreases with increasing percentiles, while in other cases - e.g. see
DObendorf, Fig 43 - the trend changes from positive to negative with increasing percentiles.

In summary, the trends of the higher percentiles are less positive (or more negative) for
most of the stations which suggests that the emission reductions in the last ten years in
Switzerland had and effect on these higher percentiles concentrations. However, it is also
important to point out that the trends of the corrected ozone maxima in summer are not
significant in most of the cases regardless of the percentiles chosen. This agrees with the
very few significant trends (see grey shaded cells in Table 45) found for the mean or median
of the corrected ozone maxima in summer. Only the trends at Jungfraujoch and Lausanne
are significant (positive) nearly for all the percentiles.

JUN Summer

..................... .....................
.. ................... ... . . .....

....................... C L ... ..... ...
................ C L

co co0 0
co ................. ..........
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0 20 40 60 so 100 0 20 40 60 10 0 100

tth percentile ith percentile

Fig. 42. Same as figure 41 but for Jungfraujoch.
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Fig. 43. Same as figure 41 but for DObendorf.
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4.6. Analysis of an extreme case: summer 2003
The summer of 2003 was an extremely warm summer, and very high ozone

concentrations were registered in Switzerland. The same model used to correct the summer
ozone maxima for the period 1992-2002 3.1) was extrapolated to the period 1992-2003 in
order to asses whether it was able to explain the high ozone concentrations during that
summer.

Figures 44 and 45 show that very high ozone concentrations were measured at Basel
and 1-6geren in summer 2003 (left plots) due to the high temperatures and other
meteorological factors. In contrast, the meteorologically corrected ozone concentrations in
2003 (right plots) lie very close to the trend line. As can be seen in the Appendix 4 for most
of the stations the median of the uncorrected ozone maxima in 2003 (left hand side plots) is
very high and far away from the trend line, while the median of the corrected ozone maxima
in 2003 (right hand side plots) is much lower and lies close to the trend line. These results
show that the meteorological adjustment performed for the period 1992-2002 is able to
correct the ozone maxima in a very extreme case like summer 2003. As we could expect,
there are no large differences between the measured and corrected ozone concentrations in
summer 2003 at the stations for which the variance explained by the model in summer is
lowest (i.e. the highest stations: Jungfraujoch, with only 11.9% of explained variance, and
Davos, with 52.2%).

75.0 -- 75.0 --

67.5 57.5

Cl)0 60.0 60.0
C: CD

52.5 52.5 -
(D

45.0 45.0 

1992 1995 1998 2001 1992 1995 1998 2001

year year

Fig. 44. Variability of the yearly median uncorrected ozone maxima (left) and yearly
median corrected ozone maxima (right) at Basel in summer 1992-2003.
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Fig. 45. Variability of the yearly median uncorrected ozone maxima (left) and yearly
median corrected ozone maxima (right) at 1-6geren in summer 1992-2003.
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Appendix 1: Results of the ANCOVA model

Cjty City (Park) Agglomeration Rural motorway) Rural 1000 m asQ Rural > 0 m asy ALpine
Lausanne Lugano ZUrich Basel DUbendorf I-Itirkingen Sion Lligeren Payerne Tbnlkon Magadino Chaumont Davos Rig[ Jungfraujoch

R' model %) 54 9 H 59 661 71:1 7 C4 3 57 4i 7 i:14 5F 7 4, 7 51 4 20 zi

*VARIABLES 6 4 5 5 C 4. 21 C; 5 1]; �3 5

a-jemp ..,7 0 60�

(a ernp), 0 053 0 04 C, 052 0 064 023 0 0271 0 068 0 i-163 0 04T 038 1) (69 1) CIC4
a-mix-ratio -1 89. -2 -242 -2 82 -1 84 -2 07 -1 31 -1 98 -2 71a - 27
a Sunshine C 18
a GlobRad 0 U 18

a_windspeed 1 22 08
a-wlndir(') 20-60 4 7 0- 180 -2 23 120- 1 �'0 -2 21 �-180 -45

60-240 4 07 180-�60 --1 23 -3 46 1��0-3GO , 3 4F
?30-12C, 5 67

m GlobRad 0 17. 0 057. 0 o36 ri n 0 037 A 025 0 02�� 0 032 0 037 0 14 0 021 f) 075 IC
M Sunshine 13 15f'),

CD . .....
=3 m Wndspeed 2 30 Li 
C� m vvlndIr(') O- 18f, 222
x 180-360 2 22

CAPE 0 0025
prev CAPE 0 1.

CD
NAO Index 1 Lie
dTp(Tpl-Tp2) 4 51

prev_precipitat
NOT 4.
YES -1 45.... .. .. .. ...... ......... . .

weekday
Monday -0 99 -1 92 -0K -189� 1 04 - 52,

Tuesclay� - 94 -11 18 -200 -2 � G 1 78 -2 6
Wednesday -1 38 -0 72 -0 74 2 _0 66 I

Thursday -0 71 -0 43 -I20 C76 - I -1-1 27
Friday -0 82 -0 79 I0( 0 05 -0 64 _0 85

Saturday 1 50 2 79 218 I91� 31 71
Sunday. 4 33 4 23 363 175 2 2

synoptic group
A; -2 32 7 4, 1 75 _0 9�. -4 -
C. 1 82 1 82 2 I-0 -0 �19 2 7 1 72
E. 1 50 -4 52� -1 9P -1 17 -1.5c 1
iq 0 94 C) 15 0 47 1 57 2 1,11 4 

M� -1 82 -) all -2 2.3 -1 49 -2 27� 2 14

N 288 -3 6) -1 14 -Ci 76 -0 �6 1 � 3
_0 33 1 5�� 1 53 C) 42

VV -2 66 -2 4T -2 19 -0 73� -C) 2 -2 2....... ...

Table Al. . Spring 1992 - 2002.



Appendix 1: Results of the ANCOVA model
City I city (Park) I A Rural motorway) Rural (� 1,000 aq as/) Alpine

Lausanne Lugano !ZUrich Basel 00bendorf 1-18rkingen Sion �Lligeren Payerne �Tinikon Magadino Chaumont Davos Rigi Jungfraujoch

R' model 61 1 717 73 5� 7 2 75 70 4 6 2 74 a. 710 714 6 4 T(I 52 2 G 2 1 1 Q�

VARIABLES 4 3 5 2 5 6 5 4

a_temp

(a-jernp), 0 039 0 74. O 04 0 0 04 0 046 09. 0 041 0 075 09 0 055 O 025 0 C8,�
• mix rtio 2 42 -2 13 -2 76� -1 45� -1 83 -O 78� - G&
• GlobRad i 0 Ole,
3-Windspeed 89 145! i I
a windir(') 240-F;O -6 [DO! 120- 180 -4 06 300- 1 20 1 90 0- 180 - 7 01 0-180 71

60-240 6 uO 180-330 -5 65 -120-300 -1 Po 180-360 7 130-60 1 71.
:3:�n I 20 71

m windspeed -1 79'
m_�wIndir(o) 0-1W 4 13 0-180 I 65 6A-240 I 27

180-36CJ 4 13 180-360 -1 65 240-60 7

M-GlobRad 0 06� 0 037 0 024 0 018 0 019 O 013
m Sunshine 8 72 53
dTp(Tpi-Tp2) 2 2ur
CAPE 0o 7
prey CAPE -0 n 2 0 00013 0 C10106

> prey
-0 _precipitat NOT 4�5

'O YES -4 �5 ICD

weekday
X Monde 1, 27y -0 1 1 :31 -C n5

-0 Tuesday, -O 32 77 1 1 J 04 107,
Wednesday, -1 CIO 2IC, 060 1 115 141

Thursday -O 721 21 1 O 80 1 28 075
CD Friday - 8 2�6 1 2.3 0 92 195
N) Saturday� 2 17 195 -0 19 -0 9 - 98

Sunday 248 -4G -3 39 -2 0, -4 1 5

days after Front

0 1 2 -3 32� -0 6T -2 75 -2 35� -2 07 -1 41 038 -1 39
1 -2 3� -2 74 -2 36 -2 68� - 4 -3 62 -3 03� -2 72 -2 66

-1 21, -0 P2 -0 23 -0 16Z -1 23 -1 02i -0 83 -1 96;
3. 0 99 1 71 0 07 084 0 65 0 1 062 -0 72 015
4- 1 (�� 7 1 3 C. -1 9 1 84 -0 29 245 11 A OP8 2 An

5 or more 2 75 4 IO 5 5T 2 97 ell 3 �36 373 3 21 387

Synoptic group
A 777

C� 144
E6 -2 3, T

Mi ' 37
N -4 79
S 1- 37

W : -t 4 �

Month
August -6 �34 i - 88

No August C 34 3 88

Table A1.2. Summer 1992 - 2002.



Appendix 1: Results of the ANCOVA model

city I City (Park) I Agglomeration I Rural motorway) Rural < 10 m ast) Rural(> I 00 m asi) Alpine
Lausanne Lugano ZUrIch Basel DUbenclortHtirkingen Sion Uigeren jPayerne T5nIkon Magadino Chaumont.Davos RIgI Jungfraujoch

R' model %] 67 6 73 76 7 7 7 4 6S 7 3 7 1 76 4 72 9 59 1 47 5 7 2_7 9

VARIABLES 6 4 6 6 7 7 4 4 1 6 6 el 5

aI 0 1;11 1 03 030

(3-Jernp), 0 075; 0 089 1 041 C, 12 0.092� 0 02,9 0 042. C' 1165 0 L1�2 0 78 0 05 0 40�
a-mix_ratio -2 01: _3 03 -4 04 -2 13 -1 65� -2 L 15 -2 40 -2 on -1 38
a-Sunshine 1 7 6 10� 12 70 -5 15
aI 0 05 0 031) 04 0`6 0 0�4 0 16
a_wIndsPead ... 3 821 2 40. 7, ".27

a wIndIr(') 0- 180: 2 97 120 1 0 -2 2 KO-120 2 24 331j- 15Cr 2 ES Q- 80 -2 S 1 Q-18 2 
.1 0-360 2 97 ISO-330 -1 97 120--X 2 4 150-330 288 180-360 -2 1 180-360 2 1?

330 120 4 17

CD ...... . ......
_�wm cispeed 2 71 1 41 4 7

C� m GlobRad I') 1'122 A 026 0 024X .. .... .... . . ... ... . .. .. . . . . .. . .....
m Sunshine 7 1

.... .. . . ... . .

CD CBL(m) -0 004C
CD dTp(Tpl-Tp2) 0 1 1 23 1 80i 1 46� 0 86 1 571
CD ....... ... .. . ...... .

CAPE 0 002 0 0014 0 00�9
prev CAPE 0 013 0 00 1 6

precipitat . . . . ....... .
NOT -3 40 8G
YES 3 4). 1 86� . ..........

synoptic group
A C 20; -.2 EP. -2 91 -3 79 37 -.3 1 -1 1 2 34 0 44. -1 73 0 7 -3
C 1 20 22. 2 6C 4 22 1 CI� 1 37 2 11 7 . I) 64 0 1-1 0 48 S9
E 0 57. -3 80 -5 44 -5 22 -3 3� -4 64 -3 28 I) F9 -I 18L -2 '(I -F, 94 n 5,7

1 28� -0.2 -I.) 35 -0 42 -0 72 - 0 -C, 04 Li 34 .IG 0 C6 -1 05 1171
3.25 3 71 1 81 3 46 3 59 - 1 2 Cq 2 6 1 6

-1 13 32 �;(l
N -6 01 3 09 1 H 3 80 4 1 2 87 2 21 -2 S5 -0 9 0 1 1 11 5 99
S 0 46 - 11 -5 7C -3 16 -0 7 -0 62 -2 21

9: 0 69 0 78 0 46 - 75
W -2 57 0 49 1 C4 0 ST 0 Q11;9 I 62 -1) 62 -1 3 1 85 9 (D 97 - 09

weekday
Monday -0 9 -1 76 -2 �0 -1 1� I" - 7 7

Tuesday -1 56 -1 57 -1 33� -1 C-31 -1 75�
Wednesday -1 96 -1 91 -1 6n -1 r -0

Thursday -1 F19 -1 61 -1 18 -0 91-1 -0 R1
Friday -0 76 -0 9C -0 44 -1 00 -1 08

Saturday 1 78 2 86 3 03 2 61� 2 09�
Sunda 9 4 15 418

.... ...... .. . 4 96 3 8 1

Table A1.3. Autumn 1992 - 2002.



Appendix 1: Results of the ANCOVA model

I city I city ParP) I Agglomeration Rural (moto Rural I< 00 m asli) Rur
'Lausanne Lugano Urich Basel DUbendorf Hirkingen Sion Lfigeren Payerne Tbnlkon Magedino Chaumont Davos Rigi Jungfraujoch

R 2 model %] 5 5 6 7 1 7 64 65 4 65 3 66 4 41) 1. 73 6a 1 77 2 5 4 'A 5 51 24 l�

# VARIABLES 6 3 7 9 8 7 E� 5 7 5 7 5 6 4

a_�ternp 0�� 1 5 0 68 I 0

(a tenip)2
I -0 044 -1) 00�2

-1 �2 75 -2 �-2 75� -4 1 6 -2 F1 -2.�7 - 7'
a Sunshine 1 -4 c, -9 82GlobRad 0 H4 0 IL) 0 032 0 0�1 1 55 0 0�2 07 0 04 7 1

0 LE6 j C' 14 07 0 040 I 0 0211
a_vvIndspeed 4 2- 337 1 20 375 1 80 7 1 79 2 26 0 6 77
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CD Tuesday -0 53; -1 '3 -144 - 431 -1 07 1 -0 K -0 58i -0 34 - 92
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Thursday I1 t. -1 611 -) 71 C) 15 -0 :�9 103 -1 0'� -0 "I - 81
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Saturday 0 -1 4 C, "a 2 44 1 1 2 30 1 49 -0 12 1 3.1 77

Sunday 411 4 3 9 3 13i 4 3 54� I 2 56 4 9

Synoptic group

A -2 2� -3 1� 1 09 -2 8P -3 H H2 3 97 -1-1 4 0 �9 0 n 91. - 42

C -1 �A 0 70 2 18 -0 47 -0 51 -1 24 1 01) -0 �s -0 14 0 67 -1 7�

E -0 -2 7 -3 47 -2 21. -1 98 -2 57 -4 22 -3 70! -4 I -5 , 44 - 42

I -0 7 -0 -0 17i -0 26� -0 87 1O�; -2 33 0 04� 1Os 49 1 25� C C7

M. 0 T� 1 t,4 074 1 43 0 5F;l -1 611 -11 � I i- 4 6 -C, 7 -1 FJF) -0 117 ( F�.�

N; 0 74 0 Iqu 1 24, 0 2 1 6'�l 0 9, -C 04 -0 I 1 C 05

S 1 37 2 -0 04 0 75 2 14 167 3 257 1 77 133 2 10 1 -0 05

W i 3�-� 2 4 194� 2 40 2 X 2 361 3 ill 2 19 116 1 C.,) 2 12� C, 4F,'

days after Front

0 2 474 3 8 3 77 7 2 21

I I C, 0 56 9 I 04 - 2 -0 54

2 - 4 -1 (14 -0 41 -0 QC, -1 43 14

3i 0 1q, -0 810 -C, 23 -0 19 -C -0 79

4 GC1 -0 91) -0 34 -0 8 0 59 57

6 or more 2C -2 4 7 -.3 47 -3 6P -0 09 -0 21

Table A1.4. Winter 1992 - 2002.



Appendix 2 Variability of ozone maxima during 1992-2002

Appendix 2 1: Spring 1992-2002
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Appendix 22: Summer 1992-2002
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Appendix 23: Autumn 1992-2002
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Appendix 24: Winter 1992-2002
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Appendix 3 Percentiles of ozone maxima in summer 1992-2002
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Appendix 4 Ozone maxima in summer 1992-2003
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Uncorrected Corrected
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