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Abstract. A seasonal-trend decomposition technique basedlL Introduction

on a locally-weighted regression smoothing (Loess) ap-

proach has been used to decompose monthly ozone concefihere is considerable interest in tropospheric 0zone for many
trations at Mace Head (Ireland) into trend, seasonal and irreasons. On a local to regional scale, photochemical ozone
regular components. The trend component shows a steadyollution remains an important health risk in many parts of
increase from 1990-2004, which is confirmed by statisticalthe world. Additionally, ozone is damaging to agricultural
testing which shows that ozone concentrations at Mace Headrops, forests and materials. Ozone is also the third most
have increased at the p=0.06 level by G£0804 ppbyr?. important greenhouse gas and is the principal source of the
By considering different air mass origins using a trajectory hydroxyl radical (Houghton et al., 2001). The seasonal cy-
analysis, it has been possible to separate air masses into “patie of ozone in the troposphere is controlled by a wide range
luted” and “unpolluted” origins. The seasonal-trend decom-of chemical and dynamical processes (Scheel et al., 1997;
position technique confirms the different seasonal cycles oiMonks, 2000). One of the most distinctive characteristics
these air mass origins with unpolluted air mass maxima inof the ozone seasonal cycle in the Northern Hemisphere is
April and polluted air mass maxima in July/August. A de- the springtime maximum, which has been extensively in-
tailed consideration of the seasonal component reveals difvestigated (Derwent et al., 1998b; Monks, 2000; Wang et
ferent behaviour depending on the air mass origin. For baseal., 2003). Recently, global models and measurement cam-
line unpolluted air arriving at Mace Head there has been gaigns have highlighted the extent to which ozone is a trans-
gradual increase in the seasonal amplitude, driven by a decontinental problem. Li et al. (2002) using the GEOS-CHEM
clining summertime component. The amplitude of the sea-model found that North American anthropogenic emissions
sonal component of baseline air is controlled by a maximumcontribute 5 ppb ozone on average at Mace Head on the west
in April and a minimum in July. For polluted air mass tra- coast of Ireland. Derwent et al. (2004) using the STOCHEM
jectories, there was a substantial reduction in the amplitudenodel suggest that about 12 ppb ozone at Mace Head is
of the seasonal component from 1990-1997. However, postNorth American in origin and about 7 ppb is Asian. In Eu-
1997 results indicate that the seasonal amplitude in pollutedope there has been a reduction in ozone precursors lead-
air masses arriving at Mace Head is increasing. Furthermoreing to a reduction in peak summertime ozone concentrations
there has been a shift in the months controlling the size of(Derwent et al., 2003). Ozone concentrations have also been
the seasonal amplitude in polluted air from a maximum inshown to increase as a result of biomass burning events (Hon-
May and minimum in January in 1990 to a maximum in April rath et al., 2004; Simmonds et al., 2005). At remote locations
and a minimum in July by 2001. This finding suggests thatsuch as Mace Head, it has been observed that ozone con-
there has been a steadily decreasing influence of polluted agentrations are increasing in tropospheric baseline air masses
masses arriving from Europe. These air masses have ther¢Simmonds et al., 2004).

fore increasingly taken on the attributes of baseline air. Many of these influences would be expected to affect the
seasonal cycle of ozone concentration in different ways. For
example, the reduction in precursor emissions in Europe
would be expected to reduce peak summertime ozone con-
Correspondence td. C. Carslaw centrations. Conversely, reduced concentrations of MO

(d.c.carslaw@its.leeds.ac.uk) Europe would tend to result in less ozone titration through the
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O3+NO reaction, particularly during the winter, thus lead- (ARIMA) modelling to improve “end-effect” problems and

ing to increased wintertime ozone concentrations. On theextensive statistical diagnostic tools (Dagum, 1980; Find-
other hand, transport of ozone from North America tends tolay et al., 1998). Recently, the X-11 approach has been
be most important during the spring and autumn, coincidingused to highlight the seasonal variability sea surface tem-
with periods of efficient ozone production, long ozone life- peratures (Pezzulli et al., 2005). Model-based approaches
time and fast transport (Wang et al., 1998; Li et al., 2002).have also been used to examine changes in 0zone seasonality
These factors all potentially affect the ozone seasonal cyclat Jungfraujoch in Switzerland, where a state-space method
in terms of the timing of peaks or troughs, the amplitude andwas applied (Schuepbach et al., 2001). The state-space ap-
the seasonal trend. For these reasons it can be useful to focpsoach showed that there had been a statistically significant
specifically on the seasonal aspects of ozone concentrationegative trend in May ozone over a 10 year period, which
as a method of recording and understanding the factors conwvas not statistically significant when ordinary linear regres-
trolling ozone concentrations. sion was used.

A large amount of work has been undertaken that consid- In the current work, a seasonal-trend decomposition tech-
ers the sources and sinks of ozone at Mace Head, Irelandique is used to extract the seasonal and trend components of
(Derwent et al., 1998b, 2004; Salisbury et al., 2002; Sim-ozone for different air mass origins at Mace Head, Ireland. A
monds et al., 2004, 2005). The unique location of Macelocally weighted regression (Loess) method of seasonal trend
Head, which is often influenced by “background” air masses,decomposition (STL) is used that provides a nonparametric
makes it a good location in which to understand the fac-means of describing nonlinear trends and seasonal cycles.
tors affecting tropospheric ozone concentrations. DerwenSTL was used in preference to X-11 because of the ease with
et al. (2004) considered the seasonal cycles of ozone andhich STL can be modified for specific applications. By em-
other trace gases in detail at Mace Head for the period 1990ploying methods that aim to extract different components of
1994. It was shown that the springtime maxima and sum-the ozone time series, attention can be focussed on different
mertime minima in monthly mean ozone concentrations wereaspects of the ozone seasonal cycle and trends.
also observed for other trace gases including: carbon diox-
ide, nitrous oxide, methane and methyl chloroform. Trends
in ozone have also been calculated at Mace Head, which hav@
highlighted that concentrations of ozone are increasing in2
baseline air (Derwent et al., 2003; Simmonds et al., 2004).”

Despite the considerable interest in surface 0zone conceny,ce Head is situated at a coastal location on the west coast
trations, very little work has been undertaken to determineg¢ |rajand (53N, 10°W; sampling height 25m above sea
whether the seasonal cycle of ozone is changing e.g. the timg, 6|y The location of Mace Head is ideally suited for the
ing of peaks or troughs in ozone concentration and how thisnq|ysis of different air mass origins. For the majority of the
might vary by air mass type. _ time Mace Head is influenced by air masses that have trav-
There are many approaches available to extract the seaseq across the North Atlantic with a fetch of several thou-
sonal and trend components from time series. Traditionakynq kilometres. The analysis of trace gas data at Mace Head
approaches decompose a time series into a long term CoMsy, therefore provide an insight into global background con-
ponent and an additive seasonal component and assume ﬂl?éntrations (e.g. Derwent et al., 1998a, b; Simmonds et al.
seasons differ o_nly in magnitude._ The additive assumption if2004)_ Mace Head is also affected less frequently by more
often inappropriate for air pollution data because seasongl|ted air masses that derive from European sources. An
effects can have a different forcing over time. Given thejnnortant aspect of this location therefore is the potential to
importance of the seasonal cycle to ozone concentration§yestigate tropospheric background air and air that has been
dlscgrnlng systematlc changes to the seasonal pattern is €Sfrongly influenced by anthropogenic sources. Ozone mea-
sential to developing an understanding of the processes cons,rements were made with a commercial Monitor Labs 8810
trolling ozone concentrations and changes in concentratiorlh‘,;ing a UV spectrometer (254 nm) (Derwent et al., 1998b).
over time. For this reason a more flexible approach is ré—rg ingtrument s calibrated every three months against a pri-
quired. Much of the motivation for time series decomposi- mary UV photometer and has a precisionief ppb accord-
tion derives from the analysis of economic data where in-j,q 4 the manufacturer. Ozone measurements are recorded
formation, such as unemployment rates, is expressed as segg hourly means, from which monthly means were calcu-

sonally adjusted (Franses, 1996). An extensively used €éMpyie4. The data set used covered a period from January 1990
pirical method, known as X-11, has been applied for severaly pecember 2004.

decades to produce official statistics by various governments

and institutions. The method was introduced in 1965 by thep 2 Data filtering

U.S. Census Bureau and has undergone many developments

(Shiskin et al., 1967). Latterly, the method has been devel-Ozone data at Mace Head have previously been filtered de-
oped to include Autoregressive Integrated Moving Averagepending on air mass origin (Derwent et al., 1998b; Prinn et

Data and methods

1 Measurement data and site description
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al., 2000; Simmonds et al., 2004). Simmonds et al. (2004)smoothing that updates the seasonal component, followed by
presented three techniques: pollution filtering based on thérend smoothing that updates the trend component. An itera-
concentrations of different trace gases, trajectory analysision of the outer loop consists of one or two iterations of the
and the use of a Lagrangian model. The method adopteéhner loop followed by an identification of extreme values.
presently is filtering based on an analysis of EMEP (Co-Further iterations of the inner loop down-weight the extreme
operative programme for monitoring and evaluation of thevalues that were identified in the previous iteration of the
long range transmission of air pollutants in Europe) back tra-outer loop. Typically, less than 10 iterations of the outer loop
jectories. With this method, back trajectories are followed are carried out to ensure convergence. Because each month is
for 96 h at a pressure height of 925hPa. Four trajectoriesa sub-series in the Loess fitted model, changes in the seasonal
are calculated each day. The area around the arrival poingffects are captured. This attribute makes STL an effective
is divided into 8 equal sectors of 45North (N) is defined  tool for investigating seasonal ozone trends where there are
as being centred or°PQnorth-east (NE) centred on 24gtc. likely to be different influences affecting the seasonal ozone
Days are allocated to a particular sector if at least 50% ofcycle over time. The statistical robustness of the STL method
the trajectory positions are found within that sector. If tra- is also a useful attribute when applied to concentrations of at-
jectories cannot be assigned in this way they are classifiednospheric species that are often influenced by events such as
as unattributable. Derwent et al. (1998a) defined “unpol-pollution episodes leading to outliers, which could adversely
luted” or baseline air as deriving from N, NW, W and SW, affect the clean extraction of an underlying trend or seasonal
which is also the assumption made here. Polluted air massesomponent.

from Europe were assumed to derive from wind sectors NE, There are several important parameter choices that must
E, SE and S. Data were available from 1990-2001. Ovetbe made in STL. Many depend on the individual data sets be-
the period 1990-2001, 54% of conditions were classified asng processed (e.g. whether daily or monthly data are used).
baseline, 14% polluted and 32% were unattributable. A dis-Probably the most important choice is the value for the sea-
advantage of the trajectory allocation approach is the largeonal smoothing parameter(s). As n(s) increases, each
proportion of unattributable trajectories. However, these arecycle sub-series (e.g. the series of all January values in a
considered further in Sect. 3.4, where the characteristics omonthly data set) become smoother. The choice of param-
these air masses are compared with baseline and polluted adters should also ensure that the seasonal and trend com-

masses. ponents do not compete for the same variation in the data.
N ] Furthermore, parameters are chosen such that long-term os-
2.3 Seasonal-trend decomposition using Loess cillations are represented in the trend component and not the

At . b idered ise th remainder. Cleveland et al. (1990) recommend a series of
time series can be considered to comprise three Compographical diagnostic methods to determine the choice of pa-
nents: a trend componefiim), a seasonal componesitn)

. . : rameters in STL, which have been followed in this study.
and a remaindeR (m),sometimes referred to as the irregular

component:
Y (m) = T(m) + S(m) + R(m) (1) 3 Resultsand discussion
WhereY (m)is the time series of interest. 3.1 General description of the decomposed series

The locally weighted regression smoothing technique
(Loess) developed by Cleveland (1979) has been widely useffigure 1 shows the results of applying the technique to
in data analysis. The Loess technique has also been denonthly ozone data from Mace Head. The figure shows that
veloped as a tool for seasonal-trend decomposition (STL -the trend component has been slowly increasing from 1990—
seasonal-trend decomposition using Loess) (Cleveland et al2004, while also highlighting other long-term features. The
1990). The STL method consists of a series of applicationgeak in the trend component in 1998/1999 is likely to relate
of a Loess smoother with different moving window widths to biomass burning for example (Simmonds et al., 2004).
chosen to extract different frequencies within a time seriesThe seasonal component shows a peak around April and a
The nonparametric nature of STL makes it suitable for deal-minimum around July each year. The amplitude of the sea-
ing with non linear trends. Furthermore, the STL approachsonal component is also shown to increase at 0.27 ppbyr
provides an effective graphical analysis of the different timethroughout the time series. This increase is due to a small
series components, which is useful for diagnostic checkingincrease in springtime maxima of 0.04 ppb¥rand a de-

The technique is also able to deal with missing data. crease in the summertime minima of 0.23 ppblyrThe re-

The STL method involves an iterative algorithm to pro- mainder component contains a proportion of data for each
gressively refine and improve estimates of the trend and seanonth that is not described by either the trend or seasonal
sonal components. STL consists of two recursive procedures;omponents. The remainder component contains, for exam-
one nested within the other, called the inner loop and theple, periods that might be affected by short-term air pollution
outer loop. Each pass of the inner loop applies seasonatpisodes, such as are shown by the negative values in January
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Fig. 1. Seasonal decomposition using STL applied to monthly
ozone data measured at Mace Head (January 1990-December °7
2004). The circles show the original time series. The blue line
is the trend componerft(m) the red line shows the seasonal com-
ponentS(m), and the remaindeR (m) are shown by the black bars.
The green line shows the linear regression fit through the measure-  -10
ments.

ozone
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(C) year

and November 1997. An analysis of the components in Fig. 1
shows that most of the variance is in the seasonal componefig 2. Mean monthly variation in the ozone seasonal component
and the least in the trend. As the time scale reduces, for €xfor baseline, polluted and polluted minus baseline air mass trajecto-
ample, to a weekly time series, the variance in the remaindefies. Data are for Mace Head from 1990-2001.
term increases to be approximately equal to that of the sea-
sonal component. For monthly data therefore, the seasonal
component is the most important characteristic controllingtrend in ozone concentrations over this period at the p=0.06
the variation in ozone concentrations. IeVel. An anaIySiS by Iinear I’egl’ession Of the EXtI’aCted tl’end
Figure 2 shows the monthly variation in the seasonal com-Omponent suggests an increase of 8084 ppbyr (at
ponents for different air mass origins a\/eraged over 1990_a 95% confidence interval). The most Significant increases
2001. For baseline air trajectories, there is a clear peak ifP<0.10) were observed for March-May and November.
the seasonal component in March/April and a minimum in Non-significant decreases in ozone were calculated for July,
July/August. The polluted air mass trajectories peak laterAugust and September. Overall, increases in ozone for dif-
in April/May and have their minimum in December/January. ferent months were more statistically significant than any de-
The polluted minus baseline seasonal component has a vel§f€ases.
different variation, with a clear peak in July/August and a  The slope of the extracted trend component for each of the
minimum in December/January. The latter plot appears tdime series by air mass origin was calculated using a linear
highlight summertime ozone production that would be ex-regression. For baseline air a 02506 ppbyr increase
pected in polluted air masses from Europe. These result{) 0zone was calculated from 1990-2001. For polluted air
also provide some evidence that the allocation into baselindhasses no change in the slope was calculated from 1990
and polluted air mass origins using the EMEP daily sector2001 (0.03:0.10 ppbyr™). For air mass trajectories from
methodology adequately distinguishes between air masse Polluted direction it appears that increases in the baseline

with different characteristics. ozone over 12 years have been offset by decreases in ozone
from polluted i.e. European air masses. The increase in base-
3.2 Trends line ozone of 0.2%:0.06 ppbyr?! using the STL approach

is in good agreement with that calculated by Simmonds et
The non-parametric seasonal Mann-Kendall analysis was agal. (2004) of 0.36-0.25 ppbyr?! using the EMEP daily al-
plied to the measured monthly mean ozone concentration®cation technique, for data from April 1987 to March 2003.
from 1990-2004 to determine whether there was a signifi-Although not shown, the slope of the trend in the unallocated
cant change in the trend (Hirsch et al., 1982). These resultsir mass trajectories was 0220.07 ppb yr1, which is closer
showed that there has been a statistically significant upwardo the slope for baseline air than polluted air.

Atmos. Chem. Phys., 5, 344345Q 2005 www.atmos-chem-phys.org/acp/5/3441/



D. C. Carslaw: Changing seasonal ozone cycles at Mace Head 3445

10— 8
RN baseline st
v polluted 6
< \\— — polluted - baseline

O, (ppb)

O, (ppb)

-4
1 , o
d
-10 T T T T T T T T T T

T T T T T T T T T T 1
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC -8 T T T T T T T T T T T 1

month month
Fig. 3. (a) Seasonal cycle in Mace Head baseline @j,polluted
air mass trajectorieg¢) polluted air mass minus baseline air. Data
are from 1990-2001.

Fig. 4. Seasonal cycle sub-series plot for Mace Head ozone data
(1990-2004). The red and blue lines show months where the sea-
sonal component is increasing and decreasing, respectively.

Given that baseline air trajectories account for 54% of the
. L o i
air masses arriving at Mace Head and polluted 149, it Seem?ant contribution from baseline air. Therefore, the difference

reasonable to expect the unallocated trajectories to be dom- ; . : :
P ) m(polluted minus baseline) seasonal component is considered.

inated by baseline air. These slopes for the different alrFigure 3c shows this difference and highlights a clear reduc-
mass components (baseline, polluted and unallocated) are

consistent with an overall trend of 0:48.04 ppbyr!. The tion in the_sea;onal compon.ent amplitude from 1990-2001.
S : . The variations in these amplitudes and seasonal components
preferred pollution filtering technique used by Simmonds et

al. (2004) did, however, yield greater rates of growth for are considered more in Sect. 3.4.

both baseline and polluted air masses (6:849 ppbyr+ Even though the seasonal plots shown in Fig. 3 portray
and 0.46:0.32 ppbyr?, respectively). In the context of the yseful information, it is difficult to assess the behaviour of

current work, these growth rates appear to be too high. Theach cycle sub-series. A better interpretation of the seasonal
trend in ozone will, however, be sensitive to the time periOdcomponent can be gained by plotting the cycle sub-series
considered. Simmonds et al. (2004) considered the periogo highlight the characteristics of the seasonal component
from April 1987 to March 2003 compared with January 1990 (Cleveland et al., 1990). Figure 4 shows the cycle sub-series

to December 2004 in the current work. of the monthly Mace Head data. First, the January values are
plotted for successive years, then the February values, and
3.3 Seasonal components and amplitudes so on. The individual values of a sub-series are shown as a

series of vertical lines about the mean of the sub-series. The
Figures 3a—c show the seasonal component extracted faub-series plot allows for an assessment of the magnitude of
three different air mass types using the STL technique. Inthe seasonal component (as shown by the horizontal line for
Fig. 3a for baseline air arriving at Mace Head there is somesach month) and the behaviour of each monthly sub-series.
evidence that the amplitude of the seasonal cycle is incread=igure 4 shows for example, that April represents the month
ing. Furthermore, the ozone maximum in April each year of the highest seasonal component and August the smallest.
broadens into February. The summertime minimum ob-It also shows that the wintertime seasonal component is tend-
served in baseline air at Mace Head is believed to partlying to increase, whereas for most summertime months there
explained by long-range transport from more southerly lat-is a decrease with time. The increase in the seasonal com-
itudes and the photochemical destruction of ozone in a lowponent is most apparent for February and November. Con-
NOx environment (Scheel et al., 1997). For air masses fromversely, the greatest decreases are most apparent in July and
a polluted origin (Fig. 3b), the seasonal cycle is less smoothAugust. In addition, because all values shown in Fig. 4 are
There also appears to be a reduction in the amplitude of then the same scale, it is possible to determine whether the
seasonal component, caused primarily by an increasing winehanges to any monthly sub-series are small or large com-
tertime ozone component. The peak in May remains approxpared with the month to month variation in the seasonal com-
imately constant but there is some suggestion in Fig. 3b thaponent. On this basis the changes shown for February and
this peak increases towards the end of the time series. AiNovember appear to be large compared with the variation
masses from the polluted sectors also incorporate an imporfrom month to month.

www.atmos-chem-phys.org/acp/5/3441/ Atmos. Chem. Phys., 5, 34502005
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Table 1. White noises values by season for different air mass origins at Mace Head (ppb).

Season All data Baseline Polluted Baseline-Polluted  Unallocated
trajectories  trajectories trajectories trajectories
Period 1990-2004 1990-2001 1990-2001 1990-2001 1990-2001
Winter (Jan., Feb., Dec.) 4.1 2.6 6.9 6.9 4.2
Spring (March, April, May) 25 2.8 3.9 3.1 25
Summer (June, July, Aug.) 2.0 2.7 5.6 6.0 3.1
Autumn (Sep., Oct., Nov.) 2.9 3.0 4.7 5.0 3.4
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Fig. 5. (a) Trend in the amplitude of the seasonal ozone compo-

3.4 Estimation of the uncertainties to changes in the sea-
sonal component

Section 3.3 highlighted that the seasonal cycle of ozone at
Mace Head has changed over the past 15 years, charac-
terised by an increasing wintertime and decreasing summer-
time component. The changes shown for the seasonal ozone
cycle are however subject to uncertainty. Monte Carlo simu-
lations were carried out to estimate the errors in the change
in the seasonal component as shown by Fig. 4 and changes in
the amplitude in the seasonal cycle shown in Fig. 1. The re-
mainder componerk (m), was used to describe the noise in
the time series. An analysis &f(m) in Fig. 1 by considering

the correlegram showed that the series appeared to be ran-
dom, with no obvious lag-effects. ThR(m) was also close

to a normal distribution, with a mean close to zero. Rie:)

was however found to have a larger variance during winter
and autumn months for each time series, probably as a result
of wintertime pollution episodes. The higher uncertainty for
polluted air masses compared with baseline air masses is in
part due to the reduced occurrence of air mass trajectories
arriving from the polluted sectors (see Sect. 2.2). Therefore,
o2 was used to describe the seasonal variance of the residual
term (shown in Table 1), and?(m) the time series of the
residual term over the entire length of the data set. A large
number of time series were constructed:
Y(m)* = T(m) + S(m) + W(m)* (2)
where T (m) and S(m) are always the same series derived
from the decomposition of the original series akdm)* de-
scribed as a Gaussian white noise series with a mean of zero
and a variance 2(m), derived from a Gaussian random num-
ber generator.

nentS(m) at Mace Head for all data 1990-2004, with the shading Simulations were undertaken to estimate the error terms in
showing the errorb) Seasonal change by month defined as the Iastth | litud d | ch foll First
monthly value in a time series minus the first monthly value for € Seasonal amplitude and seasonal change as follows. FIrst,

Mace Head ozone for all data 1990-2004. All errors shown are a@ S€ries of 500 synthetic ozone datasets were generated us-

1o, ing Eq. (2) for 180 months of Mace Head ozone data shown
in Fig. 1 (the length of the dataset). This process yielded
500 new time series, which were then decomposed using the
STL method. This approach was also applied to the shorter
time series (144 months) for the Mace Head baseline, pol-
luted and unallocated air mass trajectories. For each of the

Atmos. Chem. Phys., 5, 344345Q 2005 www.atmos-chem-phys.org/acp/5/3441/
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Fig. 6. (a) Trend in seasonal amplitude for filtered baseline trajec- Fig. 7. (a) Trend in seasonal amplitude for filtered polluted trajec-
tory data 1990-2001, with the shading showing the efl)rtrend tory data 1990-2001, with the shading showing the error, b) trend
in seasonal change by month for filtered baseline trajectory datan seasonal change by month for filtered polluted trajectory data
1990-2001. All errors shown are atl 1990-2001. All errors shown are atl

new time series, the amplitudes of the seasonal componeri the seasonal amplitude of about 3 ppb is similar in mag-
were calculated as the maximusigm) subtracted from the nitude to the uncertainty in the change, which suggests that
minimum S (m) for each calendar year. The standard error ofthe change is not highly statistically significant. The seasonal
the amplitude for each year was calculated from the 500 amehange trend is considered in Fig. 5b and can be compared
plitude predictions. The change in the seasonal componenwith Fig. 4, where changes in the monthly cycle sub-series
was expressed as the last monthly value in each time serieare considered. For example, the comparatively large in-
minus the first e.g. January 2004 minus January 1990 for thereases shown for February and November in the cycle sub-
full Mace Head time series. The standard error associategeries plot are also clearly shown in Fig. 5b. For the unfiltered
with the seasonal change was also calculated. data, increases if(m) are shown for most winter months
Figure 5 shows the results for the changes in the season&nd decreases in most summer months. The unfiltered data
amplitude and the seasonal change trend with associated edlso show that the uncertainties are greater during the winter
rors for the different air mass types. Figure 5a shows thaimonths compared with the summer months.
for the full Mace Head ozone dataset the seasonal amplitude The trend in the seasonal amplitude shown for baseline
increases with time. From 1990 to 1993 the amplitude de-air trajectories (Fig. 6a) also shows an increase in amplitude
creases slightly (with a minima in 1993), but then shows awith time and no indication of a decrease from 1990-1993.
steady increase until 2004. Overall the increase in the seaFhe seasonal amplitude for the baseline air trajectories is also
sonal amplitude is approximately 3 ppb ozone. The changereater than the unfiltered data set. Figure 6b for baseline
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40— tion in the size of the May peak from 1990-2001 is driven

1 by the reducing trend observed for all summer months. For
] the polluted air mass trajectories (Fig. 7b), increases are also
20 - - - e apparent for most winter months and decreases during the

] summer months. The amplitude shown in Fig. 6a for base-
25 - - - o line air is controlled by a maximum in April and a minimum
] in July each year. By contrast, the amplitude shown in Fig. 7a
for polluted air masses is controlled by a maximum in May
and a minimum in January at the beginning of the time series,
and a maximum in April and a minimum in July at the end of
| the time series. The seasonal component of the polluted time
5 - - - I series has therefore become increasingly like the baseline air
component in terms of the months that control the size of the
seasonal amplitude.

Also shown (Fig. 8a) is the trend in the seasonal ampli-
tude for unallocated air masses. These air masses would be
sod expected to comprise of air that is both baseline in origin and
influenced by polluted European sources. The figure shows
that the change in the amplitude with time does indeed reflect

35 - - - N

20 - - - N

15

seasonal amplitude (ppb)

10 - - - N

0 —
1990 1992 1994 1996 1998 2000 2002 2004
(a) year

g 109 T — a combination of the increasing baseline amplitude and the
e } {‘ } decreasing amplitude for polluted air masses. The minima in
°§> i . amplitude occurs in 1996, i.e. 2 years before the polluted air

g 0+ I M. S N . . .

< T ! % { $ } masses. These results suggest that the baseline air begins to
s have a dominant influence on the unallocated air mass trajec-
204 % 7777777777777777777777777777777777777777 tories before that of the polluted air mass trajectories. This

[J]

pattern of change is consistent with the increased influence of
baseline air in the unallocated air mass trajectories and sug-
gests that the unallocated trajectories are mostly influenced

————— —+—— — 77— Dbybaseline air characteristics. The trend in the seasonal com-
JAN FEB MAR APR MAY JUN UL AUG SEP OCT NOV DEC ponent in Fig. 8b shows again an increasing wintertime trend
() month and a decreasing summertime trend.

20 A

Fig. 8. (a) Trend in seasonal amplitude for unallocated trajectory

data 1990-2001, with the shading showing the effoytrend in 4 Conclusions

seasonal change by month for unallocated trajectory data 1990-

2001. All errors shown are atdl. The seasonal trend decomposition technique (STL) applied
to monthly ozone data at Mace Head has provided some in-
sight into the factors controlling the seasonal ozone cycle and

air mass trajectories shows a similar pattern to the unfilteredzone trends. The application of the approach to different

data, although the increase in baseline May values appeatsir mass origins from an analysis of trajectories has shown
to be anomalous. The uncertainties in the trend in seasonahat there is a clear difference in the seasonal component of
change for baseline air are more uniform throughout the yeatzone. In baseline air masses, the seasonal component peaks
compared with the unfiltered dataset, probably reflecting then April and has a minimum in July, reflecting characteristic
reduced influence of summer or winter pollution episodes inbehaviour of northern hemisphere background air (Scheel et
baseline air. al., 1997; Monks, 2000). Conversely, it has been shown that

Figure 7a shows that a very different trend is predictedthe ozone seasonal cycle for polluted air mass trajectories
for air mass trajectories from the polluted direction. At the arriving from Europe follow a pattern determined by pho-
beginning of the time series the amplitude of the seasonalochemical ozone production which peaks in summer. The
component is approximately twice that for baseline air. Thisdifference between these two air mass types suggests that the
plot is characterised by a steep downward trend in the seatrajectory allocation of air masses into polluted and unpol-
sonal amplitude from 1990-1998, followed by an increaseluted categories is satisfactory.

after 1998. This pattern of change reflects the diminishing By considering the amplitude of the extracted seasonal

influence of regional ozone through @nd VOC controls  component it has been shown that baseline and polluted air

in Europe through the 1990s, followed by the increasing im-masses have different characteristics. For baseline air from
portance of rising baseline ozone concentrations. The reduct990-2001 there is a consistent maxima in April and minima
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