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Abstract. An Analysis of Covariance (ANCOVA) was used els, in agreement with other studies. The statistical model
to derive the influence of the meteorological variability on was also able to explain the very high ozone concentrations
the daily maximum ozone concentrations at 12 low-elevationin summer 2003, the warmest summer in Switzerland for at
sites north of the Alps in Switzerland during the four sea- least~150 years. On average, the measured daily ozone
sons in the 1992—-2002 period. The afternoon temperaturenaximum was 15 ppb (nearly 29%) higher than in the refer-
and the morning global radiation were the variables that acence period summer 1992-2002, corresponding to an excess
counted for most of the meteorological variability in sum- of 5 standard deviations of the summer means of daily ozone
mer and spring, while other variables that can be related tonaxima in that period.

vertical mixing and dilution of primary pollutants (afternoon
global radiation, wind speed, stability or day of the week)
were more significant in winter. In addition, the number of 4
days after a frontal passage was important to account for

ozone build-up in summer and ozone destruction in winter.|t is well known that nitrogen oxides (N@NO+NOy),

The statistical model proved to be a robust tool for reducingyg|atile organic compounds (VOCs) and carbon monoxide
the impact of the meteorological variability on the ozone €ON-(CO) react in the presence of sunlight to yield ozong) @d
centrations. The explained variance of the model, average@ther photo-oxidants in the troposphere. During the summer
over all stations, ranged from 60.2% in winter to 71.9% in au- months, under stable weather conditions, the concentrations
tumn. The year-to-year variability of the seasonal medians obf near-surface ozone can reach high levels, causing harm to
daily ozone maxima was reduced by 85% in winter, 60% inhyman health, to vegetation, and to materials. Surface ozone
summer, and 50% in autumn and spring after the meteorologconcentrations at European rural and remote sites increased
ical adjustment. For most stations, no significantly negativepy more than a factor of two from the late the 1950s until the
trends (at the 95% confidence level) of the summer median@any 1990s (Staehelin et al., 1994) because of the large in-
of daily Oz or Ox (O3+NO2) maxima were found despite the crease in the emissions of ozone precursors in Europe and in
significant reduction in the precursor emissions in Centralihe industrialised world during this period. Tropospheric O
Europe. However, significant downward trends in the sum-is a|so a direct greenhouse gas. The past increase in tropo-
mer 90th percentiles of daily,Onaxima were observed at6 gspheric Q is estimated to provide the third largest increase
sites in the region aroundich (on average-0.73ppbyr'  in direct radiative forcing since the pre-industrial era (Ehhalt
for those sites). The lower effect of the titration by NO as aet al., 2001; Ramaswamy et al., 2001).

consequence of the reduced emissions could partially explain pyring the 1990s there have been continuous efforts to un-
the significantly positive @trends in the cold seasons (on av- derstand the mechanisms of photochemical smog formation
erage 0.69 ppb yr* in winter and 0.58 ppb yr* in autumn).  in Europe and in Switzerland. For example, the POLLUMET
The increase of @found for most stations in autumn (on av- (Air Pollution and Meteorology in Switzerland) project im-
erage 0.23 ppb yr') and winter (on average 0.39ppb¥)  proved the knowledge about the spatial and temporal dynam-
could be due to increasing European background ozone levics of the VOC/NQ sensitivity of the ozone production in
the Swiss Plateau for typical summer conditions (e.g. Dom-
Correspondence toA. S. H. PEwt men et al., 1995, 1999). The mechanisms of photo-oxidant
(andre.prevot@psi.ch) formation are better known and various measures taken in
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Switzerland and the neighbouring countries have led to aregression models that incorporate a set of meteorological
considerable decrease in emissions of ozone precursors. Asxplaining variables (TOR-2, 2003). The results generally
an example the EMEP expert emission inventory estimatesuggested that the precursor concentrations at urban sites de-
a decrease of the total emissions of 39% for,NiDd 49%  creased significantly since the mid-1980s or the beginning of
for non-methane volatile organic compounds (NMVOC) in the 1990s, mostly because of the successful introduction of
Switzerland during the 1990-2002 period (Vestreng et al.,catalytic converters in the European petrol vehicle fleet. Fur-
2004). However, near-surface ozone concentrations have aphermore, it was concluded that the ozone precursor emission
parently not decreased accordingly. Some studies have inreductions that took place in North West Europe and Alpine
vestigated data from the Swiss air pollution monitoring net- Europe over the 90s were responsible for the ozone down-
work (NABEL) to address the changes in ozone and pri-ward trends observed in the higher percentiles of the summer
mary pollutants in Switzerland since the mid-80s. Kueblerdistribution. They also attributed the upward trends of low
et al. (2001) used the Kolmogorov-Zurbenko filter K& ozone concentrations observed in the polluted areas of Eu-
(Zurbenko, 1991; Rao et al., 1997) to remove the long-termrope at least partly to the reduced effect of the ozone titration
trend, as well as a mean year to remove the seasonal artty NO (Roemer, 2001a; Monks et al., 2003; TOR-2, 2003).
weekly variations. This allowed the use of meteorological An increase in the background concentrations of ozone was
variables to detrend the short-term variation of ozone and prialso found in the western and northern part of Europe (Roe-
mary pollutants at 12 NABEL stations in the 1985-1998 pe-mer, 2001b; Monks et al., 2003; TOR-2, 2003). In addition,
riod. The detrended summer (May—October) mean concenlinks between ozone and the NAO indices were documented
trations of primary pollutants presented a downward trendto be most pronounced in the UK: summer ozone concentra-
at urban and suburban stations. The\f&crease reached tions increased with the low NAO regime and decreased with
about 50% at @Arich over a 12-year period and over 40% the high NAO regime, compared to the mean ozone levels
at Dibendorf during a 10-year period, though a smaller de-(Monks et al., 2003).
crease (13% in 9 years) was observed at Lugano. VOC lev-
els at Zirich and @ibendorf showed a clear downward trend
0, - I -
of arognd 50% over a 12-year period. In contrast tq the ur A variety of statistical approaches have been used for the
ban primary pollutants, the detrended 90th percentile sum- : . o
. o Lo meteorological adjustment of ozone and the estimation of
mer ozone did not show any statistically significant trend at . : : .
. . — ozone time trends in regional networks of ozone monitors
either the urban or rural sites. @rmimann et al. (2002) used . : :
: ; different locations of North America. Some of those stud-
different methods to address changes in the ozone levels at l% o
. ies modelled separately the association between each ozone
NABEL stations from 1991 to 1999. They observed a con- . }
. . . monitor and local meteorology (Cox and Chu, 1996; Joe et
siderable increase of the deseasonalised monthly mean ozong . : :
. . arl., 1996), while the most complex analyses derived a uni-
concentrations (0.5-0.9 ppb ¥ together with a decrease . o
) . : variate summary of the ozone monitoring network to cap-
in frequency of the low ozone concentrations. This study . L
. ure regional associations between ozone and meteorology
also suggested a tendency for decreasing ozone peaks un

. . . _(Bloomfield et al., 1996; Davis et al., 1998). Thompson et
summer (April-September) smog days at rural sites and in- o .
X . : I. (2001) presented a critical review of those methods and
creasing ozone concentrations at the polluted sites north o

the Alps. compared the application of selected methods to ozone time

Both the TOR-2 (Tropospheric Ozone Research) sub>c"es from the Chicago area.

project of the EUROTRAC-2 (Transport and Transforma-

tion of Environmentally-Relevant Trace Constituents in the

Troposphere over Europe) project and the TROTREP (Tro- This work reports on the meteorological adjustment and
pospheric Ozone and Precursors, Trends, Budgets and Pateasonal trends of daily ozone maxima at low-elevation sites
icy) project evaluated the long term trends in ozone, oxi-in Switzerland during the 1992-2002 period. Section 2 de-
dants and precursors in relation to the changes in emissionscribes the data used in this study and Sect. 3 presents the
over Europe occurring after 1980 for various parts of Eu-meteorological adjustment of the daily maximum ozone con-
rope (Roemer, 2001a, b; Monks et al., 2003; TOR-2, 2003) centrations by statistical modelling of the relation between
For that purpose, some well-known methods were considozone concentrations and various meteorological variables.
ered to remove the short-term and long-term variations inThe results of the statistical analysis and the calculated trends
ozone caused by the meteorological influence: the alreadwre discussed in Sect. 4. These results are also compared to
mentioned Kolmogorov-Zurbenko filtering followed by a re- those of other slightly different statistical approaches. The
gression method applied on one of the selected scales, clusaeteorological adjustment of daily czone maxima during the
tering techniques applied to atmospheric circulation classeperiod summer 1992—-2002 is extrapolated to summer 2003 in
or according to decision trees to adjust the records for in-Sect. 5, in order to test if the model is able to explain the very
terannual shifts in the circulation or meteorological records,high ozone concentrations registered in that unusually warm
as well as methods based on multiple linear and non-lineaand dry summer. Finally, Sect. 6 summarises our findings.

Atmos. Chem. Phys., 5, 1187203 2005 www.atmos-chem-phys.org/acp/5/1187/
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Table 1. Stations used in the analysis. See location of the stations in Fig. 1.

Station code Station name Altitude (m a.s.l.)  Station type x&pb)
BAS Basel 320 suburban 11.61
DUE Dubendorf 430 suburban 15.57
HAE Harkingen 430 rural/highway 58.88
LAE Lageref® 690 rural/forest 7.61
LAU Lausanne 530 urban/street 79.13
PAY Payerne 490 rural 6.28
SIO Sion 480 rural/highway 26.6
TAE Tanikon 540 rural 7.69
ZUE Zirich-Kaserne 410 urban/park 20.49
WAL Wallisellen 470 suburban 12.83
STA Zurich-Stampfenbach 445 urban/street 38.81
WEE Weerswilef? 630 rural -

WAL, STA and WEE are OSTLUFT stations. The other 9 stations belong to the NABEL network.

The NG concentrations in this table correspond to the median of the afternoon averageeveld during the 1992—2002 period.
@ No NO data at lageren during the period 22 February—31 October 2000.

® No NOyx measurements at Weerswilen.

5000

47.5 4000

3000
47.0

Y [DEG]

2000

46.5—

1000

Fig. 1. Location of the stations used in the analysis. See the correspondence between codes and names of the stations in Table 1.

2 Data located in the Swiss plateau north of the Alps. At all sta-
tions, ozone was measured with the UV absorption method
2.1 Ozone and NOmeasurements and nitrogen oxides (Ng were detected by ozone chemilu-

minescence. NO was directly measured whileJN@s first

Hourly average concentrations of ozone and nitrogen oxide‘f,\?guced t_ct) NOwitha rr:_glytzdgnurp corl\_/erltler. The olzosn(; and
from 12 low-elevation sites of the Swiss air quality monitor- x monitors were calibrated automatically every 1—s aays

ing network (NABEL) and the eastern cantons of Switzer- and manually every 2—4 weeks. In addition, the ozone instru-
land (OSTLUFT) during the period 1 January 1990 to 31 ments were calibrated every three months with a standard ref-

August 2003 were used in this study. The names and locagrence photometer, and the molybdenum converter efficiency

tion of the analysed stations are summarised in Table 1 and’as exam:jnetd_lonce 3 )t/ear WI'.tth gas phase t'tfr?;'oanBPETL) '
Fig. 1. Except Sion, situated in an alpine valley, the sites aré:Or more details on data quality assurance ot the

www.atmos-chem-phys.org/acp/5/1187/ Atmos. Chem. Phys., 5, 12832005
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stations see EMPA (2003). Rigorous checks of the ozonefter some temporal filtering of both ozone and the meteo-
and NQ data — i.e. analysis of the deviations of the concen-rological variables (Kuebler et al., 2001; Tarasova and Kar-
trations measured at close stations and taking into accouretchko, 2003), a second or higher order polynomial in tem-
the changes in the location of the stations — confirmed thaperature (Bonnimann et al., 2002; Bloomfield et al., 1996)
the data quality after 1991 was good for all the sites. Similaror linear regression of the logarithm of daily ozone max-
results were found in Bmnimann et al. (2002). Therefore, ima with daily maximum temperature as a categorical vari-
the time series of ozone for the 1992-2002 period were analable (Xu et al., 1996) have been proposed. Scatterplots of
ysed in this work. the daily ozone maxima against the different meteorological
In this work we analyse the influence of the meteorology variables used in the analysis suggested that, at least in sum-
on the daily ozone maxima. These maximum concentrationgner and spring, the afternoon temperature had the strongest
usually occur in the afternoon and are the least affected byelationship to ozone. Moreover, the dependence of ozone on
local NO sources reacting with ozone to nitrogen dioxide.temperature was more quadratic than linear. Therefore, both
However, at the most polluted stations (e.g. Lausanne anthe afternoon temperature and the square of the afternoon
Harkingen) and under more polluted conditions (e.g. win-temperature (preceded by a minus sign in the cases when
ter), the effect of the titration on the daily ozone maxima the temperature is negative) have been tested in this study
and hence on their trends can be important. To assist in thér every station and season. For simplicity, the one which
interpretation of the results the trends of @um of @ and  was able to explain more variance was included in the initial
NO,) were also calculated. ,As not influenced by the re- model together with the rest of the meteorological variables.
action of ozone with NO. However, as mentioned above, theThe averaged global radiation in the morning and in the after-
NO, measurements were performed with molybdenum con-noon have been used, as solar radiation is the main driver of
verters, which exhibit interfering sensitivity to peroxyacyl ni- the photochemical reactions and also affects the vertical mix-
trates (PANs), nitric acid (HN§) and other products of the ing and thus the dilution of the pollutants, leading to lower
oxidation of NQ,. The NG measurements and therefore the ozone destruction. The sunshine duration is another param-
Ox concentrations are thus upper limits of the real concentraeter that can be used for the analysis of the influence of the
tions. solar radiation on the ozone concentrations. It is defined as
In this analysis, the daily ©and G maxima were defined the time during which the direct solar radiation exceeds the
as the daily maximum 1-h concentrations measured betweelgvel of 120 W/nt. The hourly fraction in which this value is
12:00 and 24:00 winter local time (UTC+1 h), and were cal- exceeded was measured at the surrounding ANETZ stations,
culated only if at least 9 values (75% of the data) were avail-and both the morning and afternoon averages of this parame-

able for the respective day. ter were calculated. The morning and afternoon wind speeds
were also used, as these parameters influence the dilution and
2.2 Meteorological data transport of pollutants. The afternoon wind direction was

considered as a discrete variable. It was pooled in two dif-
Local meteorological data used as explanatory variables in derent wind sectors for every station — with the exception of
multiple linear model (see Sect. 3) were taken from the meathree sectors for Brkingen — after a careful inspection of the
suring NABEL sites and from the closest ANETZ stations ozone and N@levels for the different wind directions. In ad-
operated by MeteoSwiss in the case of the OSTLUFT stadition, the water vapour mixing ratio whose influence on the
tions. The parameters sunshine duration and lightning, nobzone concentrations is not so obvious (see Sect. 4.1.1), was
measured at the NABEL network, were always taken fromcalculated and averaged for the afternoon hours. Apart from
the surrounding ANETZ stations. In our analysis we attemptthese meteorological parameters, the day of the week (week-
to select explanatory variables to represent the most imporelay: Monday—Friday, weekend: Saturday—Sunday) was used
tant processes that influence ozone in the planetary bounde account for the weakly cycle of the anthropogenic emis-
ary layer (PBL): in situ photochemical production, deposi- sions.
tion and vertical mixing. The main parameters measured at An approximation of the vertical gradient of potential tem-
those stations are temperature, global radiation, wind speegberature in the boundary layer was calculated for all the sta-
wind direction and relative humidity. The morning (6 h to tions, by using the afternoon temperature at two different al-
12 h) and/or afternoon (12 h to 18 h) averages of those metetitude sites in the proximity of the investigated NABEL and
orological parameters were calculated when at least 5 out 0OOSTLUFT stations. The parametgy, an approximation to
the 6 hourly values (83% of the data) were available on thethe potential temperature, was calculated from the formula
respective day. of the dry static energy (Holton, 1992) for every pair of

Under typical summer smog conditions, the daily maxi- stations:

mum ozone concentrations and temperature are strongly cor-
related. Several statistical models have been suggested to d&’ =5/Cp=T+82/Cp, (1)
scribe the increase in the ozone concentrations with ambienvhere C,, = 1005.7 Jkg*K =1 (dry air), g = 9.81ms2, T
air temperature. Among others, models linear in temperaturés the temperature (in K) angdthe altitude (in m a.s.l.). The

Atmos. Chem. Phys., 5, 1187203 2005 www.atmos-chem-phys.org/acp/5/1187/
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difference of7, between the low and the elevated station was3 Statistical method

then used as an indicator for dry static stability. In general

there is instability ford7,/3z<0 (i.e. dT,>0) and stability ~ In this study we used a multiple linear model in order to de-
for 97,/3z>0 (i.e. dT,<0), so higher instability is expected scribe the influence of the meteorological variability on the
for higher values of dJ. The interpretation of the influence daily maximum ozone (and,pconcentrations at the individ-

of this parameter on the ozone concentrations should be dorial stations. For the selection of the meteorological parame-

depending on both the season and the character (polluted ¢@rs explaining most of the variability in the daily ozone max-
rural) of the considered station. ima we used an analysis of covariance (ANCOVA), which

allows to include both continuous and discrete variables. All

Two parameters which affect the vertical mixing' the dilu- the parameters introduced in Sect. 2.2. were |n|t|aIIy used
tion of primary pollutants and the deposition of ozone within i ANCOVA (for a summary see Table 2). The main as-
the convective boundary layer (CBL) were calculated daily Sumptions of the model are that there is a true underlying
from the 12:00 UTC radiosoundings at Payerne: the Condinear relationship, that the residuals are mutually indepen-
vective Available Potential Energy (CAPE) and the mixing dent with constant variance (homocedasticity) and that the
height, which was determined by a simple parcel methodresiduals are normally distributed. The meteorological ad-
(Seibert et al., 2000) The parameters precipita’[ion, c|oséustment of the dally ozone maxima and the calculations of
lightning and distant lighting were used to give account for the trends of adjusted daily ozone maxima during the 1992—
the effect of thunderstorms on the dilution of pollutants. 2002 period were performed for each station and season sep-
After thunderstorms, the troposphere is usually rather wellarately: spring (MAM), summer (JJA), autumn (SON) and
mixed and the ozone concentrations might reflect similarwinter (DJF). The winter periods were defined as Decem-
conditions to background at some stations. In general, théer 1992 to February 1993, ..., December 2002 to Febru-
maximum ozone concentrations on a specific day are no@ry 2003. The years 2000 and 2001 were excluded from the
only determined by the meteorology on that day but also byanalysis for lageren due to missing ozone or meteorological
the concentrations and meteorology on the previous day. Télata, mainly as a consequence of destroyed facilities caused
take into account the meteorology on the previous day, espeby & severe storm.
cially the mixing conditions, the absence/occurrence of pre- Although the use of many meteorological parameters in-
cipitation and lightning as well as CAPE were used both oncreases the explained variance, those individual parameters
the investigated day and on the previous day. are often correlated to each other, so that irrelevant relations

between the meteorological variables and ozone might be in-

In addition, two parameters from the Alpine Weather troduced if all those variables were kept in the final model.
Statistics AWS (Wanner et al., 1998) were also used to acAs already mentioned, all the variables from Table 2 were
count for the ozone variations connected with the frontal pasdnitially introduced in a multiple linear model separately for
sages and the synoptic situation. The parameter “number ofach station and season:
days after front’_’ was c_alculated, using the classes 18 and 23.)3 (MmeasurefEai A1 + apAs + ...
of the AWS, which indicate the presence/absence of a frontal
passage — warm front, cold front or occlusion — iirigh on ~ TP11 T P12t bzt .+ b+ bt . +ete, )
the investigated day. The air is usually well mixed after awhere

frontal passage, and it might be expected that the ozone lev- A1, A, ...: continuous variables;
els build up day by day in summer whereas ozone is more  ai, a, ...: coefficients of the continuous variables;
and more depleted under stable conditions in winter. Asthe  b11, b2, b13, ...,b21, boo, ... : coefficients or “treatment

effect on the ozone concentrations is more important on the  effects” of the discrete variable®, Bo, ... ;

first days, we treated all the days after day 6 in the same way  c¢: intercept;

as day 6. Therefore this parameter has 7 possible values: 0, ¢: random error.

1, 2, 3, 4, 5, 6. The parameter “synoptic group” is a dis- A backward elimination procedure performed with the
crete variable that describes 8 different synoptic situationssoftware R (R Development Core Team, 2003) removed the
3 convective types (anticyclonic, cyclonic and indifferent), 4 least important predictor variables in different steps. For that
advective types based on the 500 hPa wind direction (northpurpose, at every step ANCOVA used the F statistics to pro-
east, south and west) and mixed conditions. Stable situationgide the p-values for the different variables, and the explana-
(“anticyclonic”) are connected with suppressed vertical mix- tory variable with the highest p-value (maximum likelihood
ing and stagnation of the air masses. The types “cyclonic”,of having a null coefficient and thus lowest effect on the daily
“mixed” and the advective types are usually related to higherozone maxima) was removed from the model. A stringent
vertical mixing and thus favour the dilution of primary pol- stopping criterion (g:10~8) was chosen so that a consistent
lutants. The influence of this parameter on the surface ozonand not too large set of variables could explain a large frac-
concentrations at 6 NABEL sites was previously investigatedtion of the variance in most of the cases. After several it-
in Bronnimann et al. (2000). erations, only the variables satisfying the stopping criterion

www.atmos-chem-phys.org/acp/5/1187/ Atmos. Chem. Phys., 5, 12832005
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Table 2. Number of stations (out of 12) at which each parameter was selected per season after some ANCOVA iterations. Numbers in italic
indicate that the variable was selected for 5 or 6 stations (more than 1/3 of the stations). Numbers in bold indicate that the variable was
selected at least for 7 stations (more than half the stations). “N” denotes the seasons in which the variable was not used.

Variable Definition Spring Summer Autumn  Winter
aT? (aT)®@ afternoon temperature 12 12 12 4
aRad afternoon global radiation 2 0 6 12
mRad morning global radiation 9 8 1 0
aMR afternoon water vapour mixing ratio 9 5 9 5
asun afternoon sunshine duration 1 0 3 0
mSun morning sunshine duration 2 1 1 1
aWspeed afternoon wind speed 2 1 5 9
mWspeed morning wind speed 0 1 4 3
awdir© afternoon wind direction 3 2 5 4
CBL CBL mixing height 1 0 0 1
CAPE Convective Available Potential Energy 0 0 3 N
pCAPE CAPE (on the previous day) 0 0 0 N
dTp(b) vertical gradient of potential temperature in the afternoon 1 0 9 9
Precig® Precipitation on the investigated day 0 0 7 5
pPrecip® precipitation on the previous day 0 0 0 0
dLightnind®  distant lightning on the investigated day 2 2 0 2
pdLigthnind®  distant lightning on the previous day 0 0 0 0
cLightning®  close lightning on the investigated day 0 0 0 0
pcLightnind®  close lightning on the previous day 0 0 0 0
Synoptié® synoptic group from the AWS 0 0 0 0
ndF number of days after a frontal passage 0 9 0 7

wd (c) day of the week 4 0 7 6

Sunshine duration as well as close and distant lighting were taken from the MeteoSwiss ANETZ stations Basel-Binningen (for ozone site
BAS), Kloten (DUE), Wynau (HAE), Bgeren (LAE), Pully (LAU), Payerne (PAY), Sion (SIO)afikon (TAE and WEE), drich-SMA

(ZUE and STA) and Reckenhold (WAL).

@ Either the afternoon temperature or the square of the afternoon temperature was used in the model depending on which one was able t
explain more variance.

(®) The low altitude ANETZ stations used for the calculation of dTp are Basel-Binningen (for BASEhZSMA (LAE, ZUE and STA),

Payerne (PAY), Sion (SIO),anikon (TAE), Reckenhold (WAL) and i@tingen (WEE). For the NABEL stations DUE, HAE and LAU the
temperature at low-altitude was taken from the stations themselves. The high altitude ANETZ stations used for the calculation of dTp are
Lageren (for BAS, DUE, HAE, LAE, TAE, ZUE, WAL, STA and WEE) and Montana (SI10). For LAU and PAY the temperature at high-
altitude was taken from the NABEL station at Chaumont.

(© Discrete variables.

p<10-8 were finally included into the multiple linear model where mean @ mean of all the considered daily maxi-

(Eq. 2) for each station and season. Other possible stoppingium ozone concentrations measured in the investigated pe-

criteria, such us stopping the iterations when the explainediod spring, summer, autumn or winter of 1992-2002; O

variance decreases more than a prescribed value (e.g. 1%) dfneasured): daily maxima of the measured ozone concen-

ter removing a certain variable from the model, can be foundtrations in the investigated periodz@predicted): modelled

in the statistical literature (e.g. Wilks, 1995). A careful anal- daily maximum ozone concentrations calculated with Eq. (2)

ysis of the residuals revealed that the assumptions of ANfor the investigated period

COVA (linearity, homocedasticity and normality) were not

violated. The adjusted daily ozone maxima are thus calculated in
The predicted (i.e. explained by meteorology) daily ozoneEQ. (3) as the mean of the daily ozone maxima in the investi-

maxima can be calculated for each station and season witBated period plus the residuals of the model (Eg. 2).

the selected variables and the coefficients obtained from . .

Eq. (2), and the daily ozone maxima can be adjusted for me- The trends of the.measured and adjustgd q§llly 0zONe max-

teorological effects: ima for the 12 stations am_j 4 seasons |nd|V|d_uaIIy can be

given by the slopes of the simple linear regression of the re-

O3 (adjusteg=mean Q + [O3 (measurep-O3 (predicted], (3) spective yearly median of the daily ozone maxima against

Atmos. Chem. Phys., 5, 1187203 2005 www.atmos-chem-phys.org/acp/5/1187/
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the year Y. Table 3. Most important explanatory variables for each season.
yearly median O3 (measuref=d; + d>Y + ¢ 4)
Spring Summer Autumn Winter
yearly median O3 (adjusted]:e1 + e2Y +e. (5) aT2 (+) aT? +) aT? +) aRad (+)
o ) ) aMR (-) ndF (+) aMR (=) aWspeed (+)
Each individual yearly seasonal median was considered only mRad (+) mRad (+) dTp (+) dTp (+)
if at least 60 daily values were available in the respective Precip (+) ndF (-)
year and season to ensure a representative sample size. By wd (+)

using just one value — the yearly median of the daily max-
imum ozone concentrations within the same season — pegT2: square of the afternoon mean temperata@?{

year one can avoid having to take into account the effectamR: afternoon water vapour mixing ratio (g/kg)

of the serial correlation of daily values on the estimation of mRad: morning global radiation (W.

the standard errors of the coefficients, the number of degreeaRad: afternoon global radiation (W#n

of freedom and thus the confidence intervals for the slopendF: number of days after a frontal passage

Other solutions to the problem of the serial correlation suchdTp: vertical gradient of potential temperature in the afternoon
as reducing the sample size or using autoregressive movindfc) _

average (ARMA) models can be found in Wilks (1995) and 2speed: aftemnoon averaged wind speed (m/s)
von Storch and Zwiers (1999). Precip: occurrence/absence of precipitation

) . . . wd: day of the week (weekday or weekend)
The procedure eXP'a'”eo! in this section Wa_s also gsed foE+)/(—) means that ozone is enhanced/reduced for higher values of
both the meteorological adjustment of the daily @axima  emperature, global radiation, water vapour mixing ratio or wind
and the calculation of the trends of their yearly seasonal mespeed
dians. In addition, three slightly different models for the cal- pPrecip (+), wd (+), dTp (+): enhanced ozone for days with
culation of the daily @ maxima trends were investigated. precipitation, for weekends and for instability, respectively

These models and their results will be presented in Sect. 4.3dF (+/-): increased/decreased ozone on the following days after a
frontal passage

4 Results and discussion

4.1 Meteorological adjustment of daily 0zone maxima with high radiation and stagnation of the air masses, and both

the biogenic emissions and evaporative emissions of anthro-
pogenic VOCs increase at high temperatures. In addition,
the enhanced thermal decomposition of peroxyacyl nitrates

Table 2 shows all the variables that were initially included (PANS) at high temperatures yields higher ozone production,
in the model as well as the number of stations per seaso@S Pointed out in some model studies (Sillman and Samson,
at which they were selected by ANCOVA after some iter- 1995; Vogel et al., 1999;_Baertsch-R!tter et al.,, 2004). As
ations (stopping criterion: $10-8). Some of the variables expgcted we found a positive corr_elatlon b_etween global ra-
like the mixing height or CAPE derived from the radiosound- diation and the ozone concentrations during the warm sea-
ings, lightning, precipitation on the previous day, synoptic SONS: s the photolysis of N@nd other compounds likeO
group from the AWS or sunshine duration were not incorpo_carbonyls an.d HONO IeaFis to the formatlo.n of ra@cgls with
rated into the final model in most of the cases. Either thereSUPSequent involvement in ozone production. It is interest-
is a weak dependence of the daily surface ozone maxima off'9 that the morning radiation and not the afternoon radiation

these parameters or the information given by them was alWVas kept in the final model. This could be partly due to the
ready explained by other meteorological variables. fact that on fair weather days cumulus clouds often develop

All the variables selected by the model for more than halfin the late afternoon when most of the daily ozone production

the stations within the same season are included in Table 3125 already taken place.

During the warm seasons the most important explanatory pa- In winter, the most important explanatory variables are the
rameters are those that can be related to the chemical ozormes influencing the vertical mixing and thus the ozone de-
production. In particular, the square of the afternoon tem-struction by titration with NO and dry deposition. Less ozone
perature and the morning global radiation presented a posdestruction and thus higher ozone concentrations are ex-
itive correlation with daily ozone maxima both in summer pected for high afternoon radiation, high wind speed and in-
and in spring. In general, under typical summer smog con-stability as they favour vertical mixing. In addition, the sup-
ditions the daily maximum ozone concentrations and tem-ply of ozone from the elevated reservoir layer might be en-
perature are well correlated (e.g. Neftel et al., 2002; Webethanced under good mixing conditions. The model also pre-
and Pewdt, 2002). High temperatures are usually associatedlicts that in autumn the ozone concentrations are enhanced

4.1.1 Influence of meteorological variability on daily ozone
maxima
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Table 4. Seasonal averages of the explained variance and number of predictors selected per station in the meteorological adjustment (2), MSE
) of the regressions of the yearly median of measured (4) and meteorologically adjusted (5) ozone, and MSE ratios ack( ¥ SEafeas
— for the 12 stations used in the analysis.

Expl. Var. (%) predictors MSFeas MSEag MSE ratid**)

Spring 64.9 4.0 9.55 4.33 0.49
Summer 71.0 3.4 11.88 3.83 0.40
Autumn 71.9 6.0 7.77 3.02 0.50
Winter 60.2 5.7 25.05 2.94 0.15

®) MSE is an estimate of the variance of the vertical scatter around the fitted line. MSE is given by

MSE:EE’
n—2
where SSE is the sum of squared errors in the regressions (4) and (5), and n is the sample size (usually n=11, i.e. 11 years from 1992 tc
2002).
(%) The MSE ratio was calculated for each station and season and then averaged for the 12 stations within the same season.

during situations with more vertical mixing and lower pri- ble 2). Bonnimann et al. (2002) considered most of the main
mary pollutant concentrations: higher afternoon temperatureparameters used in our analysis and former studies — after-
instability, precipitation and weekends. Both in autumn andnoon mean temperature, global radiation, wind direction and
winter, ozone production at higher temperatures or higher rawind speed, relative humidity (similar to water vapour mix-
diation might contribute to some extent to the meteorologi-ing ratio, used in our analysis), or day of week — for a regres-
cal variability. This is more likely in the autumn season, in sion model of the afternoon ozone peaks in summer (April—
which the square of the afternoon temperature is significanSeptember) at 13 NABEL sites. They also included some cir-
for all stations (see Table 2). culation fields — high or low pressure anomalies, zonal flow

The number of days after a frontal passage influences thgnomalles and merld!onal flow anomall_es_— in their m_o_del
ozone concentrations in a different way depending on thd© account for synoptic scale ozone variations. In addition,
éhey used gradients of both temperature (similar to the pa-

are usually accompanied by an increase in temperature an@‘mEter dTp” used in this study) and water vapour mixing

more stagnation of the air mass, leading to higher ozone confatio at different levels as indicators of stability and air mass

centrations day after day; the opposite effect can be observe%hanges within and above the boundary layer. However, they

in winter as the stability favours the ozone loss by titration eliminated both the circulation fields and the vertical gradi-

and dry deposition. The reasons for the negative dependen s in a second ”.‘Ode' bec?ause o.f a difficult comparison of
of ozone on the water vapour mixing ratio in spring and au_results between different sites. Similarly, we used the pa-

tumn are not so obvious, because high water vapour mixin%"’m?et,er synoptic group to account for synolpti(':'scale' ozone
ratios enhance the production of OH radicals yielding higher ariations although this parameter was not significant in most
0zone concentrations in the high-N@gime (Vogel et al.,  CaSes: Our analysis also considered some variables that can

1999). However, low water vapour might also be connecteobe related to stability like lightning, precipitation and two
to less cloudiness and to more vertical mixing parameters derived from atmospheric soundings (CAPE and

mixing height), although they were not significant in most
It is interesting to compare the parameters considered itases either. Only the precipitation and the vertical gradi-
this study with those from previous analyses. Thompson eknt of potential temperature were important at a significant
al. (2001) summarized the meteorological variables used ithumber of stations in autumn and winter, as can be seen in
the literature for the statistical modelling of ozone. SurfaceTaple 2. In contrast to Binnimann et al. (2002) and our anal-
temperature, wind speed and direction, and humidity wereysjs, Kuebler et al. (2001) first removed the long-term trend
included in most models, while solar radiation and pressureys well as the seasonal and weekly variations in their analysis
were often available but not inCOprfated into the final mOd'Of the summer (May_OCtober) peak ozone concentrations at
els. In contrast, in our study the wind speed and direction12 NABEL sites. As a consequence, only three meteorolog-
were significant at few sites in the warm season although theyca| parameters — the afternoon mean temperature, the daily
were more significant in autumn and winter. Moreover, thegglar radiation and the afternoon mean wind speed — were

morning global radiation and the afternoon global radiationneeded to remove the residual short-term variations by us-
were included in the final model for more than half the Sta'ing a mu|t|p|e linear regression model. Unlike Kuebler et

tions during the warm and cold seasons, respectively (see Ta-
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al. (2001) and Binnimann et al. (2002) that focused on the TAE Spring
trend analysis of summer smog ozone in Switzerland, this
study has analysed the variability of daily o0zone maxima in =] o
the four seasons. Our study has also found that the numE&
ber of days after a frontal passage, variable not considered |r8 Bl e ° 30
former studies, is important to account for the ozone generaN

tion (summer months) or destruction (winter months) after a ¢
frontal passage. g

o
3

4.1.2 Model performance 1992 1994 1996 1998 2000 2002
year

. . . TAE Summer
The explained variance averaged over all stations ranged

from 60.2% in winter to 71.9% in autumn (see Table 4). In
general, the number of significant explanatory variables wasg €1
higher in the cold months, due to the importance of local g
effects in winter — on average 5.7 predictors were used at evg
ery station for the meteorological adjustment of daily ozone 3 I
maxima during this season — and the more variable meteow 3le o
rology in autumn — on average 6 predictors were needed. In
contrast, most of the variability in the summer daily @ax-

ima was explained by the afternoon temperature, the morning 108z 1088 19§,Ge§?98 2000 2002
global radiation and the number of days after front (see Ta-
bles 2 and 3). On average only 3.4 parameters were needed
in summer and 4 in spring.

Another way of assessing the model performance is to test
if the year-to-year variability in the daily maximum ozone —
concentrations is effectively reduced after the meteorologi- g
cal adjustment. For that purpose, we calculated the meanw
squared error (MSE) of the regressions of the yearly sea
sonal medians of both the measured and adjusted daily ozong
maxima against the year (Egs. 4 and 5), giving Med&and D &1
MSE,j, respectively. The mean-squared error is given by

[Ppb]

ma
.

TAE Autumn

w0
™

mea
.

1992 1994 1996 1998 2000 2002
SSE year

MSE = , (6) TAE Winter
n—2

35
f

where SSE is the sum of squared errors in a simple lineal
regression ana is the sample size. This parameter indi-
cates the degree to which the distribution of residuals cluster
tightly (small MSE) or spreads widely (large MSE) around
the regression line (Wilks, 1995). M&kas and MSEky;
were calculated for each station and season, and their se& "o .
sonal means are given in Table 4. There is high variabil- —
ity in the yearly medians of the measured daily ozone max- %2 199 19;%;?98 2000 2002
ima for most of the stations and seasons (see the high val-

ues of the seasonal averages of Mgk in Table 4). This
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Fig. 2. Yearly medians of the measured daily ozone maxima

variability is reduced after the meteorological adjustment as;ng meteorologically adjusted daily ozone maxima anikon
can be seen from the lower values of MigEand thus low  for all seasons during 1992-2002. The calculated MSE ratio
(MSEad/MSEneas ratios. On average, after the meteoro- (MSE,g/MSEmeas for this station is 0.24 in spring, 0.10 in sum-
logical adjustment MSE is reduced by 85% in winter, 60% mer, 0.60 in autumn and 0.12 in winter.

in summer, and 50% in autumn and spring. Atnikon as

an example the yearly medians of the daily maximum ozone
concentrations usually lie closer to the trend line after the
meteorological adjustment (Fig. 2).
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Fig. 3. Trends of the seasonal medians of the meteorologically adjusted daily maximgufeft) and G, (right) concentrations during
1992-2002. Uncertainty estimates represent 95% confidence intervals. The averaged trend for all the stations in every season is shown &
the lower part of each plot. Station codes (see corresponding names in Table 1) on the x-axis are ordered according to their geographica
longitude from West to East. Thex@rend was not calculated for Weerswilen (WEE) as there were npiN€asurements at this station.
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Fig. 4. Trends of the 90th percentiles of the meteorologically adjusted daily maximyfiefd and G, (right) concentrations during summer
1992-2002. Uncertainty estimates represent 95% confidence intervals.

4.2 Trends of meteorologically adjusted dailg @nd G justed daily @ and Q; maxima (Fig. 4) provided additional
maxima information: downward trends in summey @ere found for
5 stations in the region aroundi#ch (on average-0.73 ppb

The trends of the seasonal medians of adjusted dailpax- Y1~ for Harkingen, Zirich-Kasemne, Hrich-Stampfenbach,
ima — calculated with the model (Eq. 5) — ang @axima Wallisellen and mbendorf) as well as a significant down-
— calculated analogously — for each station and season award trend in summer §observed at Weerswilen (thexO
shown in the left- and right-hand side plots of Fig. 3, respec-trend was not calculated for this station as no,\N@ea-

tively. The uncertainty estimates in the plots represent theSurements were available). The summeradd G trends
95% confidence intervals for those trends. at Lageren are higher for the 90th percentiles than for the

The absence of negative trends for daily ozone malximfstrn?d'elmts'’d"’lltthtc;]t.JghtV\t’.e shoul% ke(?fp '? dm;)ndtrt]hat thle trendsf
at most stations in spring and summer, seasons in whicfy@'cu'ated at this station can be aftected by he exclusion o

the main driving mechanism is photochemical production,tWO years from the analysis (2000 and 2001) as explained in

suggests that the emission reductions of primary pollutantssem' 3. As Fhe reg@or_l arounaﬂﬂc_:h Is the most densely pop-
during the 90s — 39% for NPand 49% for NMVOC in ulated and industrialised area in Switzerland, the local pro-

Switzerland during the 1990-2002 period (Vestreng et a|.,9'“ci'r$” 1S Contr'?;tmg more to tr;(ihozone concentre}thnsthtel}]n
2004) — were insufficient to significantly reduce the daily In other areas. The decrease of Ihe precursor emissions thus

maximum ozone concentrations. This was previously foundmight have ledto a signifipant decrease of ozone only in. this
in Kuebler et al. (2001) for the high percentiles of ozone area, and that decrease is more pronounc_ed fpr the highest
in summer (May-October) 1985-1998. At the 6 most pol- 22°"€ peaks on summer smog days. ConS|der|ng the results
luted stations used in the analysis (those with the highes[ound fqr all the analysed stations, the Ipwer regional ozone
NOy levels in Table 1), we observed an average decreasBrOdUC_t'on due to the decreased emissions of ozone precur-
in the measured afternoon N@oncentrations of 30% in sors might have been compensated by increased large-scale
summer and 35% in winter during the 1992-2002 period_background or other processes.

Positive although not statistically significang @ends were Significantly positive trends of the medians of adjusted
observed in summer, except for four stations in the regiondaily ozone maxima were found for all the stations in au-
around Zirich (Zirich-Kaserne, drich-Stampfenbach, Wal- tumn and winter — except at Weerswilen in autumn —, prob-
lisellen and Weerswilen). The positives@ends might be  ably due to the reduced effect of the titration on the ozone
related to the lower effect of thegdoss by titration through  concentrations. As already mentioned, this effect could be
NO as a consequence of the decreased emissions of primaopnfirmed by the lower trends of dailyxOnaxima (on av-
pollutants during the 90s. The effect of titration is espe-erage 0.39 ppb yr in winter) compared to the trends of
cially important at the most polluted sites. On average, thedaily ozone maxima (on average 0.69 ppbYyin winter).

Oy trends are around 0.3 ppbyrlower than the @trends  The O, trends are also significantly positive at most of the
for all stations and seasons, which confirms that the calcustations, suggesting an increase in background ozone as al-
lated & trends were affected by the reduced effect of titra- ready proposed by Bnnimann et al. (2002). There are ev-
tion. However, except for the mentioned stations in the re-idences for an increase of the mean ozone concentrations in
gion around Zrrich, the Q trends are slightly negative or Europe at high-altitude sites (e.g. for Zugspitze see Guicherit
positive but not significant in summer. The trend analysisand Roemer, 2000, and TOR-2, 2003), at lower altitude sites
of the seasonal 90th percentiles of the meteorologically adunder selected background conditions (e.g. for Switzerland
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see Bbnnimann et al., 2000) or at remote sites (e.g. forsonal trends of adjusted daily ozone maxima were also cal-
Mace Head see Simmonds et al., 2004). Nevertheless, theulated with Eq. (5). In general, the results obtained with the
causes for this increase need further study since “backgrountteduced model” are very similar those of the first model (see
ozone” is influenced by different chemical and dynamical columns “yearly median & and “reduced model” in Ta-
processes on different scales, such as photochemistry onlade 5) although somewhat poorer — usually lower explained
continental and on a hemispheric scale as well as large- ovariance, occasionally different trends and sometimes larger
regional scale horizontal and vertical transport. confidence intervals — for some stations in some seasons.
Lausanne, the most polluted site analysed in this study, ighis suggests that, although it is preferable to use the model
the only station that presents significantly positive trends ofdescribed in Sect. 3, the “reduced model” can be used if a
adjusted daily ozone maxima during all seasons. This is mossimplified and consistent procedure for all stations is wanted.
probably due to the reduced effect of the fration by NO. Finally, in a different approach, the year Y was included
In fact, the Q trends at this station are very close to zero in as an additional variable together with the rest of the meteo-
all seasons except in winter (0-40.32 ppb yrl). However,  rological parameters (those from Table 2) in the multilinear
when analysing the QOtrends at such polluted stations like model:
Lausanne and &ftkingen, one should take into account that
those trends are affected by the trend injNnissions. The O3 (MeasUrelEmY +a1As +a2Az + ...
dominant NQ source in urban locations is road traffic ex- +f11+ B12+ Biz+ ... + a1+ B2+ ... +c + & (7)

haust. Although the N®@input from direct emission varies As in th N logical adiust i lained in Sect. 3

from one location to another or from one time to another,bS Ikn edmf efor(z_ogma a éus men expdatlne n et(r:1 | ' at

as a result of varying vehicle fleet composition and driving ackward elimination procedure was Used toremove the leas
mportant predictor variables from the model (Eq. 7). For

, ) 0
speeds, an average figure of approximately 5% (by VOIumelha\t purpose, the least significant explanatory variable (high-

of NOy emitted in the form of N@ is often quoted (Clapp )
and Jenkin, 2001). If we assume that the 5% value is constan‘?St p-value) was als_o proyldgd by A_’\éCOVA at every step
nd the same stopping criterion<p0~°) was used. The

for the studied period, it is possible to estimate the trend of2na
emitted NG as the 5% of the NQtrend (in ppb yrl). As an variable year (Y) was not allowed to be removed from the

example the calculated trend of N@t Lausanne is around model (Eq. 7) so that .th.e trend - si'gnificant or not g coulq be
4.7 ppb yr? (around 44%, somewhat higher than the 32% 'ca!cula.ted. The coefficient m obtained after all the iterations
value given by the emission inventory for Switzerland in that IS I th|s_ case the new valu_e of the trend and can be com-
period), resulting in a trend of directly emitted N@wer pare_d with the trendszeobtalned from Eq. (5) anc;firom
than —0.25ppb yrl. This effect is not significant as the the linear model:
95% confidence intervals for thexQrends at all sites are  yearly meanOs (adjusted=f1 + fo¥ + ¢. ®)
always larger than the absolute value of the calculated trends
of directly emitted NQ. For every station and season, very similar explanatory vari-
ables were finally kept in the initial meteorological adjust-
4.3 Robustness of the model ment (Eq. 2) and in the model (Eq. 7). In general, the cal-
culated ozone trends ef; and m for each station and sea-
Three variations of the model described in Sect. 3 were usedon did not differ either. This suggests that the selection
and their results were compared to those of the first modelof the model is not too critical either for the meteorologi-
This made it possible to investigate the sensitivity of both cal adjustment or for the calculation of the trends of daily
the meteorological adjustment of daily ozone maxima andozone maxima. A short summary with the comparison of the
the calculated trends of adjusted daily ozone maxima to theaveraged seasonal trends obtained with the different mod-
model chosen. els is presented in Table 5. However, the model (Eq. 7)
As already explained in Sect. 3, the statistical model waspresents the drawback that it only gives a value of the trend,
optimised so that a consistent and not too large set of exwhereas the other methods allow for an easier visual inspec-
planatory variables was kept in the final model in most casestion of the yearly seasonal medians/means of the adjusted
Actually, there was high consistency in the selection of ex-daily ozone maxima. A visual inspection of the fitted linear
planatory variables for the different sites within the sametrend makes it possible to identify years with very high/low
season although each station presented its own distinctivezone maxima that can have a strong impact on the calcula-
patterns. A “reduced model” was used to address whethetion of a linear trend, especially when those years are located
a more limited number of parameters could be consistentlyat the beginning or end of the considered period. As seen in
used for all the stations within the same season. For that purSect. 4.1.2, if the regression of the yearly median or yearly
pose, only the most important explanatory variables in ev-mean of daily ozone maxima against the year is used, one
ery season — i.e. variables from Table 3 — were included incan also compare the year-to-year variability (MSE values)
the model (Eq. 2) for the calculation of the predicted daily of daily ozone maxima before and after the meteorological
ozone maxima at every station and the corresponding seadjustment.
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Table 5. Averages of the trends in the seasonal medians of adjusted daily ozone maxima calculated with the different models for the 12
stations in Table 1. The trends are expressed in ppb.yr

yearly median @@  “reduced model®  yearly mean (§:) year in the modéf)

spring 0.35 0.38 0.29 0.31
summer 0.11 0.12 0.10 0.11
autumn 0.58 0.60 0.56 0.58
winter 0.69 0.64 0.63 0.69

@ The individual trends of the yearly median of daily @axima at every station were calculated with Eq. (5).

® For the calculation of the daily 9maxima trends with the “reduced model” the Eq. (5) was also used but only the most important
explanatory variables in every season — i.e. variables from Table 3 — were first consistently introduced in Eq. (2) for the meteorological
adjustment of ozone at all the stations.

(© The individual trends of the yearly mean of dailg @axima were calculated with Eq. (8).

@ The O; trends calculated with the year included in the model are given by the coefficient of the year in the regression model (Eq. 7).

5 Analysis of an extreme case: summer 2003 in Switzerland during that extreme summer, the coefficients
calculated with Eq. (2) for each station during the period

Summer 2003 was extremely dry and warm in Europe Basegummer 1992-2002 were also used for the calculation of the
on a reconstruction of monthly and seasonal temperaturé’red'Cted daily ozone maxima at the corresponding station

fields for European land areas back to 1500, Luterbachel"! SUMmer 2003. The meteorologically adjusted daily ozone
et al. (2004) concluded that summer 2003 was very IikelymaX|ma for the period summer 1992-2003 were calculated

warmer than any other summer during the last 500 years. In é{‘”th Ea. (3).

large area of central Europe, including Switzerland, the mean A visual inspection of the yearly medians of the daily
summer (June, July and August) temperatures exceeded tlezone maxima at the different stations in summer (Fig. 5)
1961-1990 mean by-3°C, corresponding to an excess of reveals that the very high median of the measured daily max-
up to 5 standard deviations of the summer means in that peima in summer 2003 (*meas. ozone” plots) is reduced af-
riod (Sctar et al., 2004). Taking into account the tempera-ter the meteorological adjustment (“adj. ozone” plots) for
ture record of the past150 years, such a warm summer is most of the stations, with the exception o&itingen (pol-

a very rare event, even when the warming in the last decadelsited station close to a highway), for which the meteoro-
is considered. The described summer 2003 led to unusulogical adjustment was less effective. One reason for this
ally long periods with high ozone concentrations in Switzer- might be that the excess of the mean daily ozone maxima
land: on average the number of exceedances of the Swissbserved at this station in summer 2003 (over 20 ppb and
air quality standard for 1-h mean values (1a@m®) wasup 7 standard deviations higher than in summer 1992-2002) is
to 700 h, twice as much as in the previous years. Moreoverlarger than at the other stations. Not only the medians of the
the 2003 summer mean of the daily ozone maxima at the indaily maximum ozone concentrations but also the variability
vestigated stations exceeded the 1992-2002 summer mean of the daily ozone maxima in summer 2003 are consistent
daily ozone maxima by more than 15 ppb, corresponding to 5vith the previous years after adjusting for the meteorological
standard deviations of those 1992—2002 summer means, sinlfluence. Examples are shown for an urban site — Lausanne
ilarly as found for the temperature. The effects of the sum-— and a rural one —&nikon — in Fig. 6. Very similar results
mer 2003 heat wave were also observed in other Europeawere obtained for the rest of the stations, again with the ex-
countries. The UK Office for National Statistics reported an ception of Harkingen.

excess of 2045 deaths in England and Wales for the period The fact that the meteorological adjustment introduced
from 4 to 13 August 2003 above the 1998-2002 average fof, gect. 3 also performs well for an extreme case like that
that time of the year. Stedman (2004) estimated that betweegt symmer 2003 also indicates that our former conclusions
423 and 769 of those excess deaths (21-38% of the totaloyt the main explanatory variables are robust. Consider-
were associated with the elevated ambient ozone anghPM ing the afternoon temperature, the number of days after a

concentrations. In a similar study Fischer et al. (2004) founds,ontal passage and the morning global radiation for most of
that of an excess of 1000-1400 deaths in the Netherlands dufne stations (see column “Summer” in Table 2), in combina-

ing summer 2003 compared to the average summer of 200Qion, with only one or a few variables which vary depending

400-600 deaths were ozone- and fgivelated. on the station (on average only 3.4 predictors are needed, as
In order to assess whether the statistical model describedeen in Table 4), one can explain the meteorological variabil-

in Sect. 3 was able to explain the high ozone concentrationty of summer daily ozone maxima at different sites north

www.atmos-chem-phys.org/acp/5/1187/ Atmos. Chem. Phys., 5, 12832005



1200 C. Ordiiez et al.: Changes of daily surface ozone maxima in Switzerland

BAS Summer 1992-2003 DUE Summer 1992-2003
) o
8 3
L~ b 0 p— . Q2
a8 — R o) —
Q Q Q Qo
5 g 5 g
c 8 [T c [}
S . s . . o g ' 5
o 2 LK} ®
Q. ° . . . g @ 1e - . O . o g ° ° . a
B e _—e—t—0 = 8 N L = e ®
o ° * B * o . . g ® ®
£ 8 3 £ L
. o .
w0 w0 2 8
2 2
1992 1994 1996 1998 2000 2002 1992 1994 1996 1998 2000 2002 1992 1994 1996 1998 2000 2002 1992 1994 1996 1998 2000 2002
year year year year
HAE Summer 1992-2003 LAE Summer 1992-2003
=8 i 5 . . °
) — o —
Q Q »n Q Qo
& © Q © =] Q e
(=3 & 3 [} &
c @ o © L4 S . O 4
S , S c 3 c 38 .
N 5 o © N o L]
° 3 ° S L o
¢ 8 * « ° > 8 o ® . G 3 ° > 8 s -
ol e —7 g l—7T] § . g [
0 0
Qe N ° c 2 . e o £ gie L] . T o
oj® e o .
2 2
1992 1994 1996 1998 2000 2002 1992 1994 1996 1998 2000 2002 1992 1994 1996 1998 2000 2002 1992 1994 1996 1998 2000 2002
year year year year
LAU Summer 1992-2003 PAY Summer 1992-2003
5 0 0
4 ©
—_ . — .
) —_ 9 —_
a =) a R a R
=N Q Qo Q
=g o = o
@ = 0w =
c () c © L @ .
IS ] R * s _|[® .
o
5 g Sgle . g e et
Q [T 3
£ © E " . © "
L] L)
8 8 8 8
1992 1994 1996 1998 2000 2002 1992 1994 1996 1998 2000 2002 1992 1994 1996 1998 2000 2002 1992 1994 1996 1998 2000 2002
year year year year
SIO Summer 1992-2003 TAE Summer 1992-2003
w0 ©
© ©
z¢ 1 og® g g
° °
o Q a ~ Q ~
=9 2o = =
2 o 2 o oy
S 5 . g ® S ©
S 3 8B C. o° o . S
o o« o ° > 0 oo G 3 ~ . . 8 * e e
s b O T «® s . O T °
o o @ o o A
E 21° o . ® E B{e , . B
1992 1994 1996 1998 2000 2002 1092 1994 1096 1998 2000 2002 1992 1994 1996 1998 2000 2002 1002 1994 1996 1998 2000 2002
year year year year
ZUE Summer 1992-2003 WAL Summer 1992-2003
g 4
—_— ] e ° ©
o 2 —_ 2 =] —_
a ~ or Q. =)
&, 2. 2 [
o © 2 8 > k=
c () c L4 @
Qs B 58 oo e R s
o . o . SO e ® . o N ® .
G o - 2 o [SH] . % ° . ° P .
S o T o . 3 \'._\ = e %o
3 G 3 . © .
€ . £ . .
3 . "3 o o
2 2 2 2
1992 1994 1996 1998 2000 2002 1992 1994 1096 1998 2000 2002 1002 1994 1996 1998 2000 2002 1002 1994 1996 1998 2000 2002
year year year year
STA Summer 1992-2003 WEE Summer 1992-2003
e R
— L] —_— L]
Q —_ a R L —_ R
[SI 2 , Q a
5% g = g
@ = o 8 =g
c o L] L 9 = [
g° 5" g R .
o N LY o 3 N 3
.8 oy . L o . .
g ° ° . . T e vt é - hd
b e ., | k=) ® . S T n M
g 81, . . - g g s © B
o 2
2 3
1992 1994 1996 1998 2000 2002 1992 1994 1996 1998 2000 2002 1992 1994 1996 1998 2000 2002 1992 1994 1996 1998 2000 2002
year year year year

Fig. 5. Yearly medians of the daily ozone maxima at the analysed stations in summer for the 1992—-2003 period. For every station the first
plot shows the yearly medians of the measured daily ozone maxima and the second plot depicts the yearly medians of the adjusted daily
ozone maxima. The trend lines in the plots have been calculated using only summer data from 1992 to 2002.
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Fig. 6. Boxplots of the measured (left) and meteorologically adjusted (right) daily ozone maxima in summer 1992-2003 for Lausanne (top)
and Tanikon (bottom). Each box depicts the central half of the data between the lower quarbitg éapd the upper quartile ¢gs). The

line across the box displays the median valugs(q The whiskers extend from the top and the bottom of the box to depict the extent of the
main body of the data. Extreme data values are plotted with a circle.

of the Alps in Switzerland even during this extremely warm more variable meteorology, and around 6 parameters are usu-

summer.

6 Conclusions

ally needed to account for the meteorological variability of
daily ozone maxima in this season compared to the average
of 3.5 parameters in summer. In general, similar meteorolog-
ical variables to those reported in the literature for the mete-
orological adjustment of ozone in the summer season were

An analysis of covariance (ANCOVA) has been used to ac-found to be significant for the same season in this work. In
count for the variability of daily ozone maxima at 12 stations addition, this analysis found that the number of days after a
north of the Alps in Switzerland during the 1992-2002 pe- frontal passage, a variable not considered in previous studies,
riod. The analysis has been done separately for each seasds,important to account for ozone generation in summer and
motivated by the well known fact that the processes govern-ozone destruction in winter.

ing the relations between ozone and meteorological parame- Most of the variability in the daily maximum ozone con-
ters differ significantly during the year and can even changecentrations was explained by ANCOVA, taking into account
sign (Tarasova and Karpetchko, 2003). The analysis of théhe meteorological variability on a local, regional and to
most important explanatory variables (see Tables 2 and 33ome extent synoptic scale. On average, the explained vari-
leads to the conclusion that ozone production is the dom-ance ranged from 60.2% in winter to 71.9% in autumn. The
inant mechanism both in summer and spring, while ozoneyear-to-year variability of the daily ozone maxima was re-
destruction by titration and dry deposition prevails in winter, duced by 85% in winter, 60% in summer, and 50% in autumn
as expected. Autumn seems to be an intermediate case, wilind spring after the meteorological adjustment.
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