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Abstract

Ground-level ozone is recognized to be a threat to human health (WHO, 2003), have
a deleterious impact on vegetation (Fowler et al., 2009), is also an important green-
house gas (IPCC, 2007) and key to the oxidative ability of the atmosphere (Monks et al.,
2009). Owing to its harmful effect on health, much policy and mitigation effort has been5

put into reducing its precursors – the nitrogen oxides (NOx) and non-methane volatile
organic compounds (NMVOCs). The non-linear chemistry of tropospheric ozone forma-
tion, dependent mainly on NOx and NMVOC concentrations in the atmosphere, makes
controlling tropospheric ozone complex. Furthermore, the concentration of ozone at
any given point is a complex superimposition of in-situ produced or destroyed ozone10

and transported ozone on the regional and hemispheric-scale. In order to effectively ad-
dress ozone, a more detailed understanding of its origins is needed. Here we show that
roughly half (5 µgm−3) of the observed increase in urban (London) ozone (10 µgm−3)
in the UK from 1998 to 2008 is owing to factors of local origin, in particular, the change
in NO : NO2 ratio, NMVOC : NOx balance, NMVOC speciation, and emission reductions15

(including NOx titration). In areas with previously higher large concentrations of nitro-
gen oxides, ozone that was previously suppressed by high concentrations of NO has
now been “unmasked”, as in London and other urban areas of the UK. The remaining
half (approximately 5 µgm−3) of the observed ozone increase is attributed to non-local
factors such as long-term transport of ozone, changes in background ozone, and me-20

teorological variability. These results show that a two-pronged approach, local action
and regional-to-hemispheric cooperation, is needed to reduce ozone and thereby pop-
ulation exposure, which is especially important for urban ozone.

1 Introduction

Ground-level and tropospheric ozone has been identified as one of the most harmful25

air pollutants in Europe today (EEA, 2013). While trends in peak ozone seem to be on
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the decline, everyday (mean) ozone concentrations and background ozone still show
increasing trends (EEA, 2012; Jonson et al., 2006). Recent work on ozone trends in
the UK and Europe have all noted the lack of decrease in concentration over the past
decade, despite observed reductions in emissions of ozone precursors (RoTAP, 2012;
EEA, 2009; Derwent et al., 2010; Wilson et al., 2012). Furthermore, a recent com-5

pliance assessment in the UK noted that while the target values for maximum daily
8 h mean ozone were being met, exceedances were reported for the long-term ozone
objective for human health across the entire UK (Choudrie et al., 2012). There has
been recognition at the various levels of policy formation in the UK and Europe that
policy intervention has successfully reduced ozone precursors, and in many cases it10

has also reduced peak ozone concentrations (AQEG, 2009). Some attribute this lack
of decline to stable or increasing background ozone (a pragmatic definition of which is
ozone measured at a site without the influence of strong local effects) concentrations
as the main culprit, while others consider a combination of that and other influences
(emission changes, changing NO : NO2 ratio, meteorological variability, stratospheric-15

tropospheric exchange) are responsible (EEA, 2009; Derwent et al., 2007, 2010; Par-
rish et al., 2012; RoTAP, 2012; Wilson et al., 2012; Hess and Zbinden, 2013). The focus
now seems to have shifted somewhat, calling for greater focus on action at the hemi-
spheric scale, targeting background ozone levels (RoTAP, 2012). Our results would
indicate however, that it is equally important to address local ozone formation. Many20

open questions regarding ozone changes and the underlying causes remain. We still
do not have a complete picture as to the role of an increase in the NO2 : NO emis-
sion ratio caused by an increase in the share of diesel vehicles in Europe has played
in ozone formation (Weiss et al., 2012; Carslaw et al., 2011). Or to what extent spa-
tially (along roadsides, across urban areas, regionally) primary NO2 emissions affect25

ozone concentrations. Meteorology also plays a large role in local ozone concentration
affecting deposition and transport (Vieno et al., 2010; Francis et al., 2011).

The local coupling of NOx and O3 was established decades ago, recognizing that
reductions in NO can contribute to increases in ozone (Kley et al., 1994). In areas of
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high NOx, as is often observed in urban areas, ozone levels can be suppressed through
the following reaction:

NO+O3 → NO2 +O2 (R1)

This phenomenon, sometimes dubbed “NOx titration”, thereby leads to the counter-
intuitive effect that reducing NOx (NO) reduces the amount of ozone being suppressed5

and actually increases ozone (Heal et al., 2013).
In this work a combination of observational data and modeling is used to tease out

a more detailed understanding with respect to the underlying causes of changes in
ozone concentrations, using the London area and the UK as a case study. We show
that local ozone production in urban areas of the UK is significantly influenced by the10

changing chemistry and emission reductions of ozone precursor compounds locally.
We aim to parse out not only the role of decreasing NO, but the changing balance in
the chemical regime of the ozone precursors, NOx and NMVOCs, vs. simple emission
reductions if the oxidizing environment had remained as was. These changes are influ-
encing the increases in ground level ozone in the UK, regionally, but especially around15

urban areas and road networks. These results are also likely to be relevant for urban
areas throughout Europe, and possibly (traffic dominated) urban areas everywhere.

2 Methods

2.1 Monitoring data, trends, and reactivity

The UK and London in particular, has an extensive network of long-term air quality20

monitoring sites (http://uk-air.defra.gov.uk). Hourly data from 17 roadside, urban cen-
ter, suburban, and urban background monitoring stations in London, and 20 largely
urban background and rural sites across Southeast England were used. The time pe-
riod considered was 1 January 1998 to 31 December 2009. The distribution of sites
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is shown in Fig. 1. The London sites, listed in Table 1, include ozone and ozone pre-
cursor (NO2, NO, CO) data. For Marylebone Road and Eltham, data for speciated
NMVOCs were also available, however for Eltham only from late 2003 onwards. These
data included 26 non-oxygenated non-methane C2-C8 hydrocarbon species. Informa-
tion about the monitoring sites (classification, data coverage, location, trends and trend5

p values) is included in Table S1, further details and site descriptions can be found at
http://uk-air.defra.gov.uk/networks/. Data processing for all species was done using R
and openair (Team, 2008; Carslaw and Ropkins, 2012).

Data distributions were assessed and determined to be log-normal using q-q plots.
Therefore, trends were calculated by fitting a simple linear fit to the natural log of the10

data. The slope was then interpreted as a percent decrease per year (Parrish et al.,
2009). Log-normalized data trends were assessed for all data using the Mann Kendall
function in openair (Carslaw and Ropkins, 2012). Ninety-fifth percentile confidence in-
tervals and statistical significance were determined for all trends. All trend analysis
required 50 % of possible hourly data each month to be present in order for a trend to15

be calculated; all trends, except those of VOCs, were deseasonalized. London average
trends include all hourly data available for all sites listed in Table 1. For comparison, the
trends for an alternative London average which included only the data from the 9 sites
that have data for all species (NO2, NO, CO, and O3) were calculated and the results
showed negligible differences.20

The total reactivity with respect to OH (ROH) was calculated as the sum of the individ-
ual OH reactivities of NMVOCs and nitrogen dioxide. Of the sites where VOC data were
available (Marylebone Road and Eltham), only Marylebone Road also had CO data.
For this reason, total OH reactivity values do not include CO. The ROH values were cal-
culated by multiplying the compound concentration by the corresponding OH reaction25

rate coefficients. This method of determining the relative importance of the atmospheric
emission species to potential ozone formation has been well-established (Gilman et al.,
2009; Goldan et al., 2004; Shao et al., 2009). The methodology followed for the calcula-
tion and the OH reaction rate coefficients used were done following Gilman et al. (2009)
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and references therein. In order to scale up the measured NMVOCs to calculate an es-
timated sum of “total NMVOCs” (including those species not measured), emission in-
ventory data were used from the UK National Atmospheric Emission Inventory (NAEI)
of NMVOCs. This was done so as not to underestimate the contribution of NMVOCs
to the total reactivity. The compounds for which data were available from the monitor-5

ing sites that overlapped with speciated emission inventory data (18 compounds) were
summed and a ratio determined relative to the total NAEI NMVOC emissions for each
year. This was then applied to the measured data to estimate total NMVOCs, as if all
species had been measured (this scaled-up estimate is implied when referring to “total
NMVOCs” unless explicitly stated otherwise). The same procedure was used for the re-10

activity calculations, except that total photochemical ozone creation potential (POCP)
weighted NAEI emissions were used to account for the differences in reactivity.

2.2 Modeling

The atmospheric chemistry transport model (ACTM) used for this work is a one-way
nested regional application of the EMEP MSC/w model version rv3.8 (Simpson et al.,15

2012) and is referred to hereafter as EMEP4UK (Vieno et al., 2010). The EMEP4UK
model meteorological driver is the Weather Research Forecast (WRF) model version
3.1.1 (www.wrf-model.org). The model horizontal resolution scales down from 50 km
× 50 km in the main EMEP “Greater European” domain to 5 km × 5 km for the do-
main covering the British Isles. The vertical resolution ranges from the surface up20

to ∼ 16 km at the top of the vertical domain. Anthropogenic emissions of NOx, NH3,
SO2, primary PM2.5, primary PMcoarse (the difference between PM10 and PM2.5), CO,
and non-methane volatile organic compounds (NMVOC) are included. The NMVOC
emissions are thereafter speciated into individual VOCs. The spatial distribution of the
anthropogenic emissions and their injection heights and times were determined by se-25

lected nomenclature for sources of air pollution (SNAP) sectors. The 10 SNAP sectors
used in the EMPE4UK model are: combustion in energy and transformation industries,
non-industrial combustion, industrial combustion, production processes, extraction and
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distribution of fossil fuels, solvent use, road traffic, other mobile sources (trains, planes,
ships), waste treatment and disposal, agriculture, nature. The number of individual
VOCs represented depends on the chemical mechanism chosen. For this work the
CRIv2 R5 (Jenkin et al., 2008) chemical mechanism is used. A detailed NMVOC spe-
ciation for 25 individual VOCs is derived from observations at the AURN Marylebone5

road site. Moreover, the NOx speciation (NO and NO2) is also derived from observa-
tions at Marylebone road.

For the UK, emissions values are taken from the National Atmospheric Emission In-
ventory (NAEI, http://naei.defra.gov.uk) at 1 km2 resolution and aggregated to 5 km ×
5 km resolution. For the rest of the outer domain, the model uses the EMEP 50 km ×10

50 km resolution emission estimates provided by the Centre for Emission Inventories
and Projections (CEIP, http://www.ceip.at/). Emissions estimates for international ship-
ping (ENTEC, 2010) are aggregated to 5 km × 5 km for those emissions within the inner
domain. Biogenic emissions of isoprene are calculated in the model for every grid-cell,
and at every model time-step, using 2 m air temperature and photosynthetically active15

radiation.
Four experiments were carried out with the ACTM:

a. Base case scenario for the year 2008, referred to hereafter as “2008 base case
run”

b. As experiment A but the UK 2008 emissions estimates were rescaled to the total20

for each SNAP sector category to the year 1998; the NMVOC and NOx speciation
were derived from the 1998 observations, referred to hereafter as “1998 base
case run”

c. As experiment B but the total emissions have been normalized to the year 2008
total, referred to hereafter as “alternate emissions run”25

d. As experiment A, with the exception that the 1998 NMVOC speciation was ap-
plied, referred to hereafter as “VOC speciation run”.
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2.3 Comparison of observed and model data

Five London sites (Bloomsbury, Eltham, Hillingdon, North Kensington, and Marylebone
Road) that had sufficient data coverage for ozone for the June, July, August (JJA) pe-
riod in 1998 and 2008 were chosen for comparison with the model outputs. (Monitoring
at a number of the other sites stopped just short of 2008 and were therefore not in-5

cluded; as noted in Table S1.) Averages across these sites are included as part of
the comparison. However, Marylebone Road, which was a roadside site and often ex-
hibited different behavior from the other 4 sites, and was therefore not included. As
mentioned previously, a roadside site is more representative of fresh emissions and
not the conditions in the city overall. The model would not capture these details and10

therefore comparisons to the model results do not include the Marylebone Road site.
For comparison, the UK regulatory air quality target value for ozone was used –

maximum daily 8 h mean. As per the regulatory definition, the daily max is determined
from the running 8 h mean calculated from the hourly measurement data. The max daily
8 h mean value is not to exceed 120 µgm−3 on more than 25 days per calendar year,15

averaged over 3 yr (www.legislation.gov.uk/uksi/2010/1001/contents/made; Schedule
3 – Target values; accessed May 2013).

Figure 2 shows the modeled (red line) daily maximum 8 h ozone vs. observations
(black line) for Eltham, North Kensington, Marylebone Road, and Mace Head (base-
line/background ozone). The model does well to capture the variability and magnitude20

of the daily maximum 8 h ozone for observation sites sampling air representing urban
background (Eltham, North Kensington) and relatively clean sites such as Mace Head.
The model overestimates the daily maximum 8 h ozone at a kerbside location such as
Marylebone Road where the very high traffic NOx emissions are not well represented
at the spatial resolution of the model.25
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3 Results and discussion

3.1 Trends

The observed trends at sites throughout London show that NO2, NO, and CO have all
been decreasing over the past decade (with the exception of NO2 at the kerbside site
at Marylebone Road, MR) as shown in Table 1. Carbon monoxide trends showed the5

largest percent per year decreases, with a London average of −9 % per year, followed
by NO and NO2, with London averages of −6 % and −1 % per year, respectively. The
largest decreases for all species were observed at the roadside/kerbside sites, which
are most reflective of “fresh” traffic emissions.

A succession of Euro tail pipe emissions regulations applied to passenger vehi-10

cles has implemented limits on total hydrocarbon emissions starting in 2000 with the
Euro III regulations, followed by further restrictions from Euro IV (2005) and Euro
V (2009). Non-methane volatile organic compound measurements from Marylebone
Road showed decreases of −11 % per year at 99.9 % significance for total NMVOCs;
the sum of the measured NMHCs (not the NAEI scaled-up estimated total) decreased15

by −13 % per year (99.9 % significance). The decreasing trend at Eltham (for 2003 on-
wards only) was not statistically significant. For more detailed information on the trends
of the individual NMVOCs, see von Schneidemesser et al. (2010).

London also implemented a number of additional measures to combat congestion
and air pollution in the city center. These measures included the implementation of20

the congestion charging zone (CCZ) in central London in early 2003 and other traffic
congestion and emissions reduction measures across the city, including additional bus
lanes, the use of larger buses, particle traps on diesel buses, increased bus frequency,
and changes to traffic light phases (Atkinson et al., 2009).

The NO trends decreased at a significantly faster rate than those of NO2, in most25

cases at over twice the rate, with greater differences at the sites closest to the traffic
emission sources and lesser differences farther from the traffic emissions (see Table 1).
The only positive trend in NO2 for this time period among the sites was at Marylebone
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Road (+1.6 % per year; 99.9 % significance), a curbside site on a highly trafficked road
on the boundary of the Congestion Charging Zone (CCZ) in central London. The data
from Marylebone Road show a visible jump in concentration that occurred in concert
with the implementation of emission reduction measures in early 2003 (Carslaw et al.,
2006). If analyzed as two separate time periods (before and after January 2003), the5

trend at Marylebone Road was decreasing at a rate of −4.1 % per year (99.9 % signif-
icance) before early 2003, whereas after, a 0 % per year trend (not significant) in NO2
was observed. This change from reducing NO2 trends to a stagnation in concentra-
tion after 2003 may also be due to the increasing fraction of primary NOx emitted as
NO2, which has been going up from 5 % (mid-1990s) to closer to 20 % (mid-2000s) as10

vehicle control technologies change (such as the implementation of particulate filters
on diesel vehicles) (Carslaw, 2005). This would indicate that while the implemented
changes may have positively influenced (reduced emissions) other species such as
particulate matter, the effect on NO2 actually stopped the decreasing trend at Maryle-
bone Road. These results are in agreement with a study quantifying the changes owing15

to the congestion charging scheme for the two years before and after its implementa-
tion, which observed increases in NO2 and O3 after implementation from monitors
within the CCZ (Atkinson et al., 2009). Two other sites in the CCZ, one roadside and
one urban center site, show similar trends, while a third site in the CCZ, North Kensing-
ton (urban background) did not follow this pattern, showing a larger decreasing trend20

after early 2003. Of the remaining 11 sites outside of the CCZ no discernible pattern
was found in the changes in the trends from before 2003 relative to 2003 onwards.
This variability in trends indicates a complexity in capturing urban-scale trends and the
importance of having a variety of monitoring sites. This phenomenon of sharper de-
creases in NO and lesser (or insignificant) decreases in NO2 concentrations was also25

observed in Germany and also attributed to the application of diesel particulate filters
to diesel vehicles (Melkonyan and Kuttler, 2012). Quantitative comparison of trends is
not straightforward owing to e.g., different time periods, units, etc.
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In contrast to the decreasing trends of the ozone precursor compounds (similar re-
sults have been observed across Europe, Colette et al., 2011) trends in urban (London)
ozone were dominated by increasing trends over the past 10–12 yr, with the largest in-
creases observed at the urban background sites, and an average London trend of +1 %
per year. Recent non-quantitative results from Bigi and Harrison (2010) also observed5

a steady increase in ozone from 1996–2008 at the North Kensington site in London.
All sites within London showed increasing trends, while data from the mainly rural and
urban background sites surrounding London in southeast England ranged from −3 %
per year to +3 % per year, see Fig. 1 (not all data sets were 10 yr or longer, see Table
S1 in the Supplement for all site details and trend p values). Generally, those sites that10

showed statistically significant increasing trends in O3 were in the downwind region
(northeast) of London suggestive of a regional impact of London urban emissions on
ozone in the south east UK (Fig. 1).

3.2 Oxidizing environment

These reductions in ozone precursor emissions and more specifically, the varying rates15

at which these reductions have been taking place have resulted in a change in the ox-
idizing environment of London’s atmosphere. This change can be best demonstrated
by examining the changes in reactivity of the ozone precursor compounds with respect
to the OH radical (ROH). While the amount of O3 produced depends on a number of
additional factors beyond O3 precursor levels, including meteorological conditions and20

oxidation mechanisms, this method does provide an estimation of the relative impor-
tance of the different compounds with respect to daytime photochemistry and oxidizing
potential (ozone formation potential) (Carter, 1994; Gilman et al., 2009; Goldan et al.,
2004; Shao et al., 2009). Figure 3 shows how the balance in NO2 : NMVOC reactivity
has changed from 1998 to 2009 at the Marylebone Road site. While MR is a curb-25

side site and therefore typically not representative of general conditions throughout
a city, e.g. farther from emission sources, similar contributions to reactivity were found
at Eltham (suburban site) and in Paris at an urban background site (for data see von
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Schneidemesser et al., 2010), which seems to indicate that this evolution might not be
limited to only roadside locations. For MR, the fractional contribution of NO2 increased
from 22 % in 1998 to 62 % in 2008, while the total VOCs decreased from 77 % in 1998
to 36 % in 2008. The overall reactivity decreased during this time period by −8.3 % per
year.5

3.3 Modeling – parsing out the influences

The EMEP4UK model (Vieno et al., 2010) was employed to parse the influence of
changing reactivity vs. simple emission reductions and their impact on urban and re-
gional ozone. For precursor emissions, the change from the 1998 base case to the
2008 base case model runs showed reductions in NO, NO2, and NMVOCs, as ex-10

pected (not shown). The NO and NO2 reductions noticeably followed the road networks
and urban areas, while the NMVOC reductions were more generally dispersed over the
country. In agreement with the monitoring network trends for ozone the model showed
increases in surface ozone from the 1998 base case to the 2008 base case, as shown
in Fig. 4 for the summer. This ozone increase followed the road networks and urban ar-15

eas most noticeably during the summer months, with surrounding and downwind areas
showing ozone reductions.

To further investigate the breakdown in the cause of the increase in ozone, for greater
insight into the attribution of factors contributing to local conditions, two additional
model runs were conducted: (1) where all conditions from the “1998 base case run”20

were retained, with the exception that the total amount of emissions was scaled down
to the 2008 level (the alternate emissions run, as described in the methods section)
which separates out the effect of the change in NMVOC speciation, NO : NO2 ratio,
and NMVOC : NOx balance on ozone, and (2) where all conditions from the “2008 base
case run” were retained, with the exception that the 1998 NMVOC speciation was ap-25

plied (the VOC speciation run, as described in the methods section). The results for the
additional runs are shown for June in Fig. 5. As for the change observed in the NMVOC
emissions from 1998 to 2008, the change in speciation also resulted in a change that
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was generally dispersed across the UK and did not follow urban areas and road net-
works. These results will be discussed in more detail in the following section.

3.4 Model comparison with observations

The modeled change in summer ozone (∆O3) from 1998 to 2008 was an increase of
5.0 µgm−3 (sd 2.3 µgm−3) on average for the 4 London sites (BB, LE, HL, NK) for mean5

daily max 8 h ozone. In comparison, the change in the observed summer ozone for the
same 4 London sites from 1998 to 2008 was 10 µgm−3 (sd 1.9 µgm−3) on average
for mean daily max 8 h ozone. These results are summarized in Table 2, which also
includes observed summer ozone concentrations (µgm−3) for 1998 and 2008. Relative
to the 2008 observed ozone (61 µgm−3, sd 9.3 µgm−3, London average), the change in10

observed ozone represents about 16 % of the observed concentration, and again about
half as much (8 %) for the change in modeled ozone. The modeled change in ozone
(5.0 µgm−3 on average for London) can be attributed to local conditions/production,
while the remaining 5 µgm−3 change in ozone not accounted for by the model, but
showing up in the observations can be attributed to non-local influence and other15

factors, such as changes in (long-range) transport of ozone, changes to background
ozone, the influence of biogenic ozone, and the influence of meteorology and natural
variability. We attribute these factors as such, because of the model run conditions that
held the meteorology, boundary conditions, and spatial distribution constant between
the 1998 and 2008 runs, which allowed their influence to be excluded. The local condi-20

tions cited earlier therefore include the reduction in emissions, the change in NO : NO2
ratio, and the NMVOC speciation. Within the reduction in emissions, the change in
chemical regime (NMVOC : NOx balance) is also included.

To distinguish between the factors of “local influence”, the alternate emissions run
and VOC speciation run results are considered. Taking the difference between the 200825

base case and the alternate emissions run separated out the effect of the VOC specia-
tion, NO : NO2 ratio, and NMVOC : NOx balance, from simple emission reductions (i.e.,
if all emissions had been reduced at the same rate). What is shown is therefore the
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effect of the change in NMVOC speciation, NO : NO2 ratio, and NMVOC : NOx balance
contributed to the increases in ozone; again these changes were focused over the ur-
ban areas and road networks (Fig. 6). Quantitatively, this contribution to the increase
in ozone over the London area was 1.3 µgm−3 (sd 1.1 µgm−3) on average for mean
daily max 8 h ozone (Table 2). This part of the contribution was smaller and more var-5

ied across the city, with the Hillingdon site showing a small decrease, while other sites
still showed increases. Minor ozone increases outside of the UK (especially northern
area) are shown in the 2008 base case minus alternate emissions run results, however,
these slight increases end up dwarfed by the emission reductions so that the areas end
up with decreases in ozone when all modeled (local) factors are included (difference10

between the two base case runs).
The difference between the 2008 base case and the VOC speciation run illustrate

the effect of the change in VOC speciation only. As can be seen in Fig. 5 and Ta-
ble 2, the effect on ozone production from the change in VOC speciation was very
minor, resulting in a slight decrease in ozone from 1998 to 2008 (4 site London av-15

erage: −0.16µgm−3 ±0.02 µgm−3). Although significant reductions in NMVOCs oc-
curred over the time period, the relative speciation did not change much, as previous
work has showed strong relationships between the NMVOCs and CO that were pre-
served through emission reductions (von Schneidemesser et al., 2010; Parrish et al.,
2009; Warneke et al., 2012). Therefore large changes in ozone forming potential from20

changes within the NMVOC speciation were not expected.
Therefore, if we regard the change in VOC speciation as negligible, the difference be-

tween the change shown in the base case plots (Fig. 5, top right) and the change shown
attributed to the change in VOC : NOx ratio and NO/NO2 ratio (Fig. 5, bottom left),
would indicate that simple emission reductions have contributed to increases in ozone25

over the urban areas/road networks on the order of a few µgm−3 (< 5 and > 1 µgm−3).
The change in VOC : NOx ratio and NO/NO2 ratio contributed (based on the 4 London
sites) approximately 1 µgm−3 ± 1 µgm−3 (Table 2). Given that the London area is (and
many other urban areas are) typically VOC-limited/NOx saturated, within the emission
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reductions is the “titration” effect, where the decreased NOx has led to increased ozone
(or less ozone suppression). That a large portion of the local effect was a result of less
titration of O3 and a VOC-limited environment is supported by the weekday-weekend
differences observed in London (not shown). NO and NO2 concentrations at the week-
end were lower, while O3 concentrations at the weekend were higher than during the5

week. Furthermore, the difference between 1998 and 2008 concentrations is much
greater for NO than for NO2; NO2 also shows a greater decrease at the weekend
in 2008 than in 1998. Similar results from observing the weekday-weekend effect on
ozone concentrations were also documented previously in Sacramento, USA (Murphy
et al., 2007). Furthermore, in a model intercomparison study (Colette et al., 2011), the10

effect of anthropogenic emission reductions on ozone was investigated and, similar to
these results, also found increases in ozone within the NOx-saturated parts of northern
Europe – southern UK, BeNeLux region, and Germany.

The decreases in ozone shown in the model results outside of the urban areas are
what one might expect to see from the reductions in primary emissions where condi-15

tions are not NOx saturated (again, without the influence of non-local factors). For ex-
ample, the modeled difference from 1998 to 2008 base cases for winter months shows
a spatially larger “unmasking” of ozone owing to the longer lifetime of NOx and less
active photochemistry (Fig. 6). Results from Jonson et al., also found that for Europe
in winter, both emissions and boundary conditions contribute to higher ozone levels20

(Jonson et al., 2006).
The effect of megacity emissions on the surrounding region can be significant, as

shown in previous studies. For example, the importance of emission hot spots (in
this case the two cities) to air quality in the extended East Mediterranean region was
demonstrated by a modeling study that found enhanced ozone in rural sites in the25

areas around Athens, Greece and Istanbul, Turkey (Im and Kanakidou, 2012). Simi-
larly, a model study found that precursor gases emitted in the urban center of Tokyo
were transported downwind and resulted in enhanced ozone in areas 50–100 km dis-
tant, as well as general enhancements of daytime ozone during summer in the region
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around Tokyo (200km×200km) (Kondo et al., 2010). Previous work has shown that
local ozone formation driven from biogenic VOCs, at least in the London area, does
not yet play an important role, even though anthropogenic emissions have decreased
significantly (von Schneidemesser et al., 2011). That said, biogenic emissions could
contribute significantly to ozone formation as it is transported out of the city over more5

rural, vegetated areas (Tie et al., 2013).
Similar work from Jonson et al. (2006) considered the time period from 1990–2002,

using the EMEP model to compare to measured trends in European surface ozone.
Their scope however was much broader (all of Europe), and trends from mainly rural
and background sites were compared to model results which considered not only local10

(European) emissions, but also the influence of transport and natural variability. Their
results “strongly suggested that ozone was affected by a combination of changes in
European emission (mostly reductions) of precursor compounds and an increase in
lateral boundary conditions,” and that changes in ozone caused by European emissions
are largely superimposed on top of the global/hemispheric ozone trends (Jonson et al.,15

2006).

4 Conclusions

Using a combination of monitoring data and modeling has yielded new insights into
the reasons for increases in ozone that have been observed in a number of urban
areas despite successful reductions in primary emissions of ozone precursors. We at-20

tributed roughly half (5 µgm−3) of the observed increase in urban ozone (10 µgm−3)
from 1998 to 2008 during the summer months to factors of local origin: the change in
NO : NO2 ratio, NMVOC : NOx balance, and NMVOC speciation, as well as emission
reductions. The effects from a relatively minor change in VOC speciation had almost
negligible effects on ozone production. Within the remaining local factors (NO : NO2 ra-25

tio, NMVOC : NOx balance and emission reduction), NOx titration (emission reduction)
plays a significant role. In NOx saturated areas, ozone that was previously suppressed
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by high concentrations of NO has now been “unmasked”, as in London and other urban
areas of the UK, an effect that has long been recognized as suppressing O3 concen-
trations in urban areas. The remaining increase in ozone that was observed (approxi-
mately 5 µgm−3) was attributed to factors that are not controllable locally, such as (long-
term) transport of ozone, changes in background ozone, and meteorological variability.5

Results from a model ensemble study showed similar ozone increases in response to
primary emission reductions over areas of northern Europe (Colette et al., 2011), sug-
gesting that these results are likely applicable to other areas in Europe and not just the
UK. Further reductions of primary ozone precursor emissions may yield higher ozone
in urban (NOx saturated) areas in the short-term, but should also lead to ozone reduc-10

tions in surrounding areas, as well as reductions in urban areas in the long-term. These
local/regional policies should be paired with cooperation at the hemispheric-to-global
scale to reduce background ozone levels and transboundary transport of ozone.

Supplementary material related to this article is available online at
http://www.atmos-chem-phys-discuss.net/14/1287/2014/15

acpd-14-1287-2014-supplement.pdf.
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Table 1. London site trends in % per year for NO2, NO, CO, and O3 from 1998 through 2009.
“nd” indicates no data was available; trend values in bold were statistically significant (p =
0.001).

Site NO2 NO CO O3

Roadside A3 (0 %) −11 % −10 % nd
BL −4.6 % −19 % −19 % nd
CR −1.8 % −7.2 % −13 % nd
MR +1.6 % −6.5 % −12 % +1.8 %

Urban Center BB (−0.71 %) −7.0 % −9.9 % +2.9 %
HK −2.9 % −8.3 % −13 % (+1.1 %)
LH (−0.70 %) −8.0 % nd nd
SW −3.0 % −9.7 % −4.9 % (+1.0 %)
WW (+0.21 %) −6.3 % nd nd

Suburban BX −1.2 %b −3.0 % −7.0 % +2.0 %
HL −2.0 %b −6.4 % −4.1 % +2.2 %
LE −3.2 % −6.0 % nd +1.5 %
ST (+0.099 %)c −7.9 % nd nd

Urban Background BR −3.5 % (−1.1 %) −4.2 % +3.7 %
NK −3.1 % −5.5 % −1.5 %b +3.2 %
TD −3.1 % (−0.94 %) nd nd
WM −1.7 %a,c −3.1 %c −13 %c +3.6 %c

London ALL −1.0 % −6.0 % −9.0 % +1.3 %b

ALL = all available data; if trend values are cited for the individual site, that data was included in
the average. a = statistically significant (p ≤ 0.05), b = statistically significant (p ≤ 0.01), c indicates
less than 10 yr of data.
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Table 2. Mean daily maximum 8 h ozone for June, July, and August. Slight discrepancies are
owing to rounding.

Observed Observed Observed Modeled Modeled Modeled
1998 2008 ∆O3 ∆O3 ∆ O3 ∆ O3

(µgm−3) (µgm−3) (µgm−3) (µgm−3) (µgm−3) (µgm−3)
emissions VOC spec.

Bloomsbury urban center 42 53 12 8.3 2.8 −0.16
Eltham suburban 61 70 8.3 4.2 1.6 −0.17
Hillingdon suburban 41 53 12 3.0 0.10 −0.12
North Kensington urban background 60 69 9.0 4.6 0.90 −0.16
Marylebone Road roadside 21 27 6.1 8.3 2.8 −0.16
Averagea 51±11 61±9.3 10±1.9 5.0±2.3 1.3±1.1 −0.16±0.022

a No Marylebone Road.
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Fig. 1. Site locations (and ozone trends) for London and the surrounding area. Main figure area
shows site locations and trends in ozone for the greater UK. Trends in red indicate increases in
ozone, green decreases in ozone, statistical significance: *** 99.9 %, ** 99 %, * 95 %, + 90 %;
trends in gray and parentheses were not statistically significant. (a) Site locations within greater
London. See key for site types. (b) Windrose typical of the London area, data from 1998–2009.
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Fig. 2. Comparison of observed (monitoring data) and modeled daily maximum 8 h ozone in
µgm−3 for Eltham (LE), North Kensington (NK), Marylebone Road (MR), and Mace Head (top
to bottom). Black lines are monitoring data, red lines model results.
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Fig. 3. Percent contribution to reactivity with respect to OH (ROH) from NMVOCs (above line,
no shading) and NO2 (below line, gray area) from 1998 through 2009 for Marylebone Road.
Eltham (suburban site) and Paris (urban background site) reactivity contributions are included
for comparison; below these lines is the contribution from NO2, above from NMVOCs (as for
MR, but without the shading).
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Fig. 4. The change in modeled surface monthly averaged maximum ozone (all hours) for June,
July, August in µgm−3. The plots show the difference between the 2008 and 1998 basecase
scenarios. Blue colors indicate decreases in ozone, red colors increases.
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Fig. 5. (top left) The monthly average surface maximum ozone (all hours) for June 2008 in
µgm−3. The change in modeled surface maximum ozone (all hours) as monthly averages for
June 2008, showing the difference between the 2008 basecase scenario and (top right) the
1998 basecase scenario, (bottom left) the alternate emissions run, (bottom right) the VOC
speciation run. Blue colors indicate decreases in ozone, red colors increases.
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Fig. 6. The change in modeled surface maximum ozone (all hours) as monthly averages for
October, November, December in µgm−3. The plots show the difference between the 2008 and
1998 basecase scenarios. Blue colors indicate decreases in ozone, red colors increases.
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