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Abstract. The variability of the relative sensitivity of pho- exception of regions near ship tracks over the Mediterranean
tochemical ozone formation to volatile organic compoundsbasin, the spatial pattern of chemical regimes appears to be
(VOC) and NQ emissions, the chemical regime, over Eu- robust with respect to model uncertainty for all cases tested.
rope during summers 2001 to 2003 is simulated with a re-
gional scale transport-chemistry model. The robustness and

variability of chemical regimes is shown. A VOC sensitive )
regime over North-Western Europe and a mainly,N@nsi- 1 [ntroduction
tive regime over the Mediterranean basin and Eastern Europe

are found, confirming earlier published results. The chem-The relation between pollutant emissions and concentrations

ical regime time variability, its robustness with respect to (_)f gases and_aerosols affecting health and_ecosy_stems IS non-
several environmental factors (seasonality, interannual varilinear. That is why the management of air quality requires
ability) and with respect to model uncertainty are thoroughly 2deguate emission control strategies. Photo-oxidant poliu-
analysed. For the regions with well pronounced chemica

tion, due to ozone and related trace gases, has a complex

regimes over North-Western Europe and the Mediterranears€"Sitivity to primary precursor emission families. The ex-
the chemical regime occurrence only slightly depends on théct knowledge of this sensitivity is necessary for the man-
ozone target considered — daily ozone gr @ Oz +NOy) agement of this type of atmospheric pollution. A particular
maximum or mean, AOT’s, SOMO3S, . . ... For these regions attention has been given to the question whether either nitro-
differences between particular years and summer months a&€n oxides (NG) or volatile organic carbon species (VOC)
weak, day to day variability is significant but does not change€Mission reductions are more §un_ab|e to limit ozone pollu-
the occurrence of one or another chemical regime. On thdion (€.9. Sillman et al., 1999; Milford 1994). Chemical
contrary, over North-Eastern Germany, the chemical regimd €9!/Mes have been d_eﬂ_ned r_elatlng ozone _c_oncentra_nons to
changes form one day to another and is also dependent on t#Wind precursor emissions: in the "NGensitive chemical
ozone target chosen. Expected decreases in anthropogerfedime”, NG« anthropogenic emission reductions are more

NO, emissions over Europe since the last and for the nex€fficient to reduce ozone levels than VOC anthropogenic

few decades have shifted and will shift chemical regimes to€Mission reductions (Sillman et al., 1995), and the reverse

more NQ sensitive. The predictive skill of chemical regime 0CCurs in the *VOC sensitive chemical regime”. Alterna-

indicator species is made evident at continental scale, extendlvely: Kleinman et al. (1997) defined chemical regimes in
ing their spatial range of applicability with respect to earlier terms of sensitivity of local photochemical ozone production

studies. Several sensitivity tests were performed in order t§P©3) with respect to NQ and VOC concentrations (instead

account for major sources of model uncertainty. With the ©f emissions). They showed theoretically that a locally VOC
sensitive chemical regime is related to a dominant odd hydro-

gen (HQ) radical loss through reactions between )Nahd
Correspondence tayl. Beekmann HOy species, whereas a N®ensitive chemical regime is re-
BY (matthias.beekmann@lisa.u-pec.fr) lated to dominant loss through H®scombination reactions.
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This framework allows explaining the spatial and temporal polluted parts of North-Western Europe (Tarrason et al.,
variability of photochemical regimes with respect to envi- 2003), the latter being confirmed by a study of Derwent et
ronmental conditions: Large NGemissions and concentra- al. (2003). Over Germany, results are ambiguous: g NO
tions favour a VOC sensitive chemical regime, large VOC sensitive chemical regime has been simulated with the EMEP
emissions and concentrations, and largexHoduction  unified eulerian model for summer 2000 with respect to ac-
rates favour a NQ sensitive chemical regime. For a given cumulated ozone over the 60 ppb threshold (AOT60). On the
VOC/NO, concentration ratio, larger concentrations favour contrary, a VOC sensitive regime has been simulated with the
a VOC sensitive chemical regime. lagrangian EMEP trajectory model for 1990 emissions with

Many modelling-based or observation-based studies haveespect to AOT60 (Simpson et al., 1997). A chemical regime
addressed the spatial and temporal variability of chemicatracer method based on tropospheric HCHO tgpNMGIumns
regimes at urban locations and on regional scale. Using modindicates a VOC sensitive regime over parts of Western Ger-
els the chemical regimes can be determined using twin simumany and a N sensitive regime elsewhere (Martin et al.,
lation experiments (i.e. comparing simulations with reduced2004).
VOC and reduced NQemissions), while from observations  From the previous overview, it appears that uncertainties
trace gas ratios indicating the nature of the chemical regimeén chemical regime calculations over Europe are still large,
are used (e.g., Sillman, 1995). and that a comprehensive study addressing both its spatial

Due to large emissions and low VOC/N®@oncentration  and temporal variability is still missing. Thus, in this work,
ratios (as compared to rural background), chemical regimesve propose a systematic study of chemical regimes over
during ozone pollution episodes have been shown to be gerEurope using a state of the art continental scale chemistry-
erally VOC sensitive for large urban agglomerations: thistransport model (CHIMERE). In addition to previous studies,
has been made evident for large North American agglom4we first evaluate how robust the simulated chemical regimes
erations (Los Angeles — Sillman et al., 1997; New York, are with respect to the ozone target chosen, with respect to
Philadelphia, Phoenix — Kleinman et al., 2005; Mexico City the time period of the simulation (year, month, day), and
— Lei et al., 2007), for North-Eastern Asian Megacities dur- with respect to model uncertainties. Second, we also link
ing spring (Beijing, Seoul, Tokyo — Guttikunda et al., 2005) chemical regimes variability to simulated trace gas ratios,
and for many European agglomerations as Milano (Spirig etwhich can be used as explanatory tool to assess the influ-
al., 2002; Martilli et al., 2002; Gabusi et al., 2005), Athens ence of emissions or meteorology on the regimes. The study
(Bossioli etal., 2007), Berlin (Hammer et al., 2002) and Parisaims at making evident regional scale features which are still
(Beekmann et al., 2003; Deguillaume et al., 2008). How-resolved in a continental scale simulation with a°0h®ri-
ever, for many of these cases, transitions toyN@nsitive  zontal resolution. Thus finer scale urban features can not be
chemical regimes occur in the plume of these agglomerationaddressed in this study.
at variable distances. N@sensitive or neutral (near transi- The paper is organised as follows. In Sect. 2, the set-up of
tion NO«-VOC sensitivity) chemical regimes can also occur the chemistry-transport model is described; the study design
within agglomerations with enhanced VOC/N@atios due  is explained. Results are given in Sect. 3 presenting first the
to large biogenic (Atlanta — Sillman et al., 1995; Nashville spatial structure of the time averaged chemical regime and its
— Kleinman et al., 2005) or anthropogenic VOC sources fordependency on the ozone target (Sect. 3.1) and its relation to
example due to refineries (Houston — Kleinman et al., 2005chemical regime tracer species (Sect. 3.2). Its time variability
Fos-Berre sector in southern France — Coll et al., 2005; anén decadal to daily scales is analysed in Sects. 3.3 and 3.4.
Paris in some circumstances — Sillman et al., 2003). To some&he robustness of the chemical regimes with respect to model
extent, simulated chemical regimes can also depend on thgncertainty is discussed in Sect. 4. Conclusions are given in
model resolution as shown for several European agglomerSect. 5.
ations (Thunis et al., 2007). For simulations with an urban
scale resolution (5 km), the VOC sensitive chemical regime
for Milano and Prague is more pronounced than for models2 Methods
with a regional scale resolution (50 km), but differences were
also large between different models of same resolution. . 2.1 CHIMERE chemistry-transport model

Contrary to urban areas, rural areas are generally $¢0-
sitive during summer. This conclusion was obtained fromThe model used in this study is the eulerian regional
simulations for US using several chemistry-transport mod-chemistry-transport model named CHIMERE (Schmidt et
els (Liang et al., 1998; Pierce et al., 1998), the latter studyal., 2001) (seéehttp://www.Imd.polytechnique.fr/chimene/
pointing to the large influence of biogenic VOC emissions The model has been applied to simulate and analyse pol-
to maintain the N sensitive regime even over more pol- lution episodes at regional (Vautard et al., 2005; Hodzic et
luted areas of north-eastern US. Simulations with the EMEPal., 2006) and urban scale (Vautard et al., 2003; Coll et al.,
unified Eulerian model show a NGsensitive regime over 2005), to analyse the sensitivity to anthropogenic (Menut et
the Mediterranean region, but a VOC sensitive regime overal., 2003) and biogenic emissions (Derognat et al., 2003;
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Curci et al., 2009) for long-term ozone trends analysis (Vau-is 8.5 ppb for both years, correlation is 0.82 and 0.78 re-
tard et al., 2006), and for diagnostics or inverse modellingspectively. These results are consistent with an evalua-
of emissions (Vautard et al., 2003; Deguillaume et al., 2007;tion study of the same CHIMERE model version, but us-
Konovalov et al., 2006, 2008; Pison et al., 2007). The modeling NCEP/MM5 meteorology, as part of the PREV'AIR air
has also been used for several years for operational forecaguality forecast system (Honeret al., 2008). In this lat-
of pollutant levels over Western Europe (Hoaet al., 2008;  ter study, for summer 2006, bias for daily ozone maxima
http://www.prevair.ory with rural AIRBASE sites was on the average below +1 ppb,
In this study model version V200501 was used with the RMSE 9 ppb and correlation 0.83. In addition, Vautard et
following set-up: a 0.5x 0.5 horizontal grid covering all  al. (2005) showed for a similar model set-up (but with in-
Europe (38-57 N; 10° W=22 E), with 8 hybrid-sigma ver-  creased vertical resolution), that also AOT60 thresholds were
tical layers extending to 500 hPa can be omitted. Mete-simulated without significant bias for the heat wave case in
orological input is provided by PSU/NCAR MM5 model August 2003.
(Dudhia, 1993) simulations on a Mercator grid with an ap- These model evaluations are considered as very satisfying.
proximate 30 kmx 30km (at 50 N) horizontal resolution However, in order to evaluate the model ability to correctly
and 32 vertical sigma layers extending up to 100 hPa. The&imulate the ozone-VOC-NQrelationships, additional con-
model is forced by the ECMWF ERA-40 reanalysis (before tinental scale evaluations of simulated various precursors or
1 September 2002) or operational ECMWF analyses (afterchemical regime indicator species would be helpful (for ex-
wards) taken at 1.125< 1.125 and using the grid nudging ample Q/NO,, HoO,/HNO;3 ratios; Sillman, 1995, see more
(grid FDDA) option implemented within MM5. MMS5 sim-  detail also in Sect. 3.2). Due to the lack of experimental data,
ulations are actually carried out by pieces of 5 days and 6 hsuch comparisons are scarce and restricted to the regional
starting at 18h UT and removing the first 6 h (spin-up period) scale (see for example the Sillman et al., 2003, study for a
for the CHIMERE forcing. comparison of @NO; ratios over the Paris region). At Eu-
Anthropogenic emission data used are based on the saopean scale, comparison between satellite (from the GOME
called “expert” annual data of the EMEP emission inven-instrument) and model derived tropospheric Nélumns
tory (Vestreng et al., 2005) for the year 2002. Annual to- showed an average bias 6fl0% and a normalised RMSE
tals are disaggregated using monthly, daily and hourly factorsf 30% (for columns temporally averaged over the whole
(Friedrich, 1997) and a speciation of non-methane volatilesummer season) (Konovalov et al., 2005). Indeed, the tropo-
organic compounds (NMVOC) (Passant et al., 2002). VOCspheric NQ column variability is strongly linked to that of
emissions are aggregated into 11 model classes following theoundary layer N@concentrations. For VOC species, satel-
mass and reactivity weighting procedure proposed by Mid-lite derived formaldehyde columns have been used for com-
dleton et al. (1990). Biogenic emissions for isoprene, ter-parison with CHIMERE simulations (Dufour et al., 2009).
penes and NO are implemented following the methodologyFormaldehyde is an oxidation product of many VOC species,
described in Simpson et al. (1999). but its summer column variability over Europe is mostly
CHIMERE uses the MELCHIOR gas-phase chemical constrained by that of biogenic VOC emissions. The nor-
mechanism (Lattuati, 1997). From the complete mecha-malised RMSE for differences between observed and simu-
nism (~80 compounds, 320 reactions), a reduced mechatated columns (summer 2003 averages) is about 25%. These
nism has been derived (Derognat, 2002) according to theomparisons with precursor species are satisfactory, but do
concept of chemical operators (Aumont et al., 1996): it in- not guarantee that the modelg-®04-VOC sensitivity is
cludes 44 chemical species and about 120 reactions and orrect. In particular, the uncertainty in anthropogenic VOC
used for this study, but a sensitivity experiment is performedconcentrations and emissions cannot be assessed from these
with the extended mechanism. comparisons. To test the impact of uncertainty in anthro-
Chemical boundary conditions for long-lived species arepogenic VOC emissions, a dedicated sensitivity experiment
provided by a monthly mean global climatology from will be performed in Sect. 4.
LMDz-INCA model (Hauglustaine et al., 2004). The nu-
merical method for the temporal solution of the stiff sys- 2.2 Set-up of the study
tem of partial differential equations is adapted from the
second-order TWOSTEP algorithm originally proposed by The study is performed over a three summer periods (May
Verwer (1994). to August). Three different years (2001, 2002 and 2003)
The CHIMERE model has been extensively compared toare chosen to be able to account for interannual variabil-
observations. The version used in this study has been thoiity in the results. Based on surface ozone observations, it
oughly evaluated in Vautard et al. (2006). In the presentcan be stated that summers 2001 and 2002 were typical,
study, daily ozone maxima from CHIMERE simulations but summer 2003 was exceptional for the decade from the
have been compared to observations from rural EMEP sitesmid-nineties to 2004. For instance, Konovalov et al. (2008)
for summers 2001 and 2002 and for surface ozone, thealculated summer average 90% percentiles of daily ozone
model bias is below 2 ppb, RMSE (root mean square errormaxima for 36 EMEP sites representative for European rural

www.atmos-chem-phys.net/10/10067/2010/ Atmos. Chem. Phys., 10, 1D00@%4-2010


http://www.prevair.org

10070 M. Beekmann and R. Vautard: A modelling study of photochemical regimes over Europe

conditions for 9 summers between 1996 and 2004. Summeindeed, one of the objectives of the study is to evaluate pos-

2003 ranked in the first position (146 ugmsummers 2001  sible differences in the chemical regimes for these diverse

and 2002 ranked in the “middle places”, in the 4. (132 |&)/m ozone targets.

and 5. position (130 pug/f out of 9 summers. In addition,

European surface ozone observations were analysed by the

European Environmental Agency (EEA, 2007). SOMO353 Results

values (see explanation above), found from this study, were

very similar for all years between 1996 and 2004 (aboutHere results of the chemical regime calculations for the Eu-

6000 pg/mi day), except for 2003 (about 8000 pd/may). ropean domain are presented. First, the average chemical

As a conclusion, summers 2001 and 2002 can be regardeégime over Europe is estimated from simulations over three

as typical for a period spanning from the mid nineties to thesummer periods. Then, the seasonal and interannual depen-

middle of the first decade of this century, while summer 2003dence will be addressed. For specific regions, the daily vari-

is exceptional. This conclusion is important for the interpre- ability will be analysed and compared to modelled chemical

tation of the simulated interannual variability (Sect. 3.3).  regime tracers. Last the long term chemical regime variabil-
For each summer, a reference simulation and two simulaity will be estimated for past (1980, 1990) and future (2010,

tions with either anthropogenic Nr NMVOC emissions  2020) emission scenarios.

uniformly reduced by 30% are performed. The chemical

regime is then calculated, for each model grid and time step3.1 Average chemical regime

as the difference in ozone concentrations between thg NO

emission and the VOC emission reduction scenario: The reference simulation (Fig. 1a) over three summer (May

to August) periods shows largest average daily surface ozone

D03 = O3 (Eno, — 30%) — O3 (Bvoc —30% (1)  maxima (') over the Po valley and neighbouring areas

d (OF*above 70 ppb) and over the Mediterranean bas!

above 60 ppb). Ozone values decrease gradually with dis-

by positive (negative) values, i.e. as outlined in the Introduc-tance from the Mediterranean basin, down to 40 ppb over the
tion, a VOC (NQ) sensitive regime corresponds to the case . . . T
(NQ) 9 P British Islands. The scenario with a uniform 30% decrease

where VOC (NQ) emission reductions are more efficient to in anthropogenic N@emissions results in reductions
reduce ozone values. The chemical regime is not only cal- POog 8

culated for average ozone concentrations, but for a series g?etween 3 and 5.pp.b over -the .Med|terranean.basm and over
aly. These are indicated in Fig. 1b as negative values. On

) ) . t
different ozone targets, defined below, and which have beeﬂlh e
used as indicators for air quality management. The termt e contrary, over North-Western Europe, the,Néission

“05" in Eq. (1) can stand for one of these following ozone reductions cause ar@@xlncre_zase, mostpro_nounced over the
targets: channel region and the Paris agglomeratisr8{pb). Also

the ship tracks between Spain and North Africa show an in-
— Daily ozone average @’fy); the most basic term for crease £ 2 ppb). A uniform 30% decrease in anthropogenic
indicating ozone concentrations. VOC emissions results in @‘X reductions over the whole
model domain, especially large € ppb) over big agglomer-
— Daily ozone maximum (§%): gives more weight to  ations like the London area, parts of Benelux, the Rhine Ruhr
afternoon photochemical ozone build-up. area, the Paris agglomeration, the Po valley, Genoa, Naples
. . . . and Barcelona (Fig. 1c). Note that differences between the
— Daily O maximum, W'_th Q:O3+ NO, (OF'); this scenario run and the reference are inverted in Fig. 1c¢ with
term normalises out §Xitration by NO. respect to Fig. 1b, because this allows simply adding Fig. 1b
— AOT40, AOT60 and AOT90 [ppb h]: Shours max  @nd c in order to obtain the chemical regime (as the differ-
[([O3] — 40, 60, 90 ppb), 0]; Accumulated ozone above ence between the NGnd the VOC emission reduction sce-
respectively a 40, 60 and 90 ppb threshold, integrated'ario, following Eq. 1). Negative values in the south-eastern
over the three summers: AOT40 is used as an indicatoPart of the domain and especially over the Mediterranean
for 0zone impact on vegetation, AOT60 as an indica- Pasin & —2ppb) denote a NOsensitive chemical regime
tor for 0zone impact on human health; AOT90 indicates (Fig- 1d). On the contrary, strongly positive values over

exceedance of the air quality information threshold of North-Western Europe (up to 7 ppb over the Channel region)
180 pg/nt or 90 ppb. indicate a VOC sensitive regime. For this region, both the

negative response to N@mission and the positive response
— SOMO35 [ppbd] : Xgays max [(daily maximum 8h  to VOC emission changes contribute about equally to the re-
ozone mean — 35ppb), 0] this indicator (Amann et al., sulting regime. The major ship track off the North African
2005) for the ozone health impact corresponds to the aceoast also shows a VOC sensitive regime. On the contrary,
cumulation of the highest 8 h ozone mean during eachfor the Mediterranean basin, N@nd VOC emission reduc-
day above a 35 ppb threshold. tions are in concurrence in terms off® reductions, the

In this way, a VOC (NQ) sensitive regime is characterise
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Fig. 1. Reference simulation and reduced emission simulations
for average daily ozone maxima for three summers (May to Au-
gust) 2001-2003(a) reference simulation(b) difference between
30% reduced anthropogenic N@mission and reference scenario,
(c) difference between reference and 30% reduced anthropogeni
VOC emission and reference scenalid) chemical regime map:
difference between a 30% reduced Nénd a 30% reduced VOC
emission scenario. Note that differences between the scenario ru

and the reference are inverted in (c) with respect to (b), because

this allows simply adding (b) and (c) in order to obtain the chemi-
cal regime. (d) Also shows delimitations of the three domains over

North-Western Europe, over North-Eastern Germany and over the

Mediterranean basin that will be used for analysis of the chemical
regime temporal variability (see Fig. 7).
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effect of NQ; emission reductions being larger outside of big
agglomerations. Also over most of Germany, both,NDd
VOC emission reductions are efficient and of equal magni-
tude resulting in a near neutral chemical regime. The major
delimitation line in Northern France between a VOC sensi-
tive chemical regime in North-West Europe and a,\sen-
sitive regime over Southern and Eastern Europe (Fig. 1d) is
already apparent in the N@eduction scenario (Fig. 1b).

Next, we investigate how the chemical regime depends on
the considered target (always for the average of the three
summer periods). To perform this analysis we define three
particular regions:

— the region in North-Western Europe with a pronounced
VOC sensitive regime (IW-6° E, 50 N-53* N),

— the Mediterranean region {(8V-20° E, 38 N-43 N)
with an average N@sensitive chemical regime,

— Northern-Eastern Germany®(B-14 E, 50 N-54° N),
a transition region between both regimes.

In order to get a quantitative measure for similarities and
differences in chemical regimes for different targets, we cal-
culate for each region a series of statistical parameters, rela-
tive to the chemical regime average over the three summers
2001-2003 (Table 1): the spatial average of a target over all
grid cells in the region, its scatter for individual grid cells,
its minimum and maximum values, and the fraction of grid
cells with a VOC sensitive regime. The following major re-
sults can be drawn from this analysis:

— Over the North-Western Europe region, all targets show
a VOC sensitive regime. This is also confirmed by
Fig. 2a—j. However, AOT90 shows a less pronounced
VOC sensitive character than the other targets: the frac-
tion f of grid cells with a VOC sensitive regime is 0.79
as compared to 0.94 to 1 for the other targets; for
AOT90, the mean value characterising the VOC sen-
sitive regime is smaller than its scatter over individual
grid cells, while it is always larger for the other targets
(Table 1).

Over the Mediterranean region, the situation is sym-
metrically opposite to that over North-Western Europe:
all targets show a NQsensitive regime for all statisti-
cal parameters. Again, the regime is less pronounced
for AOT90 (f = 0.18), while it is smaller than 0.04
for other targets. This is also confirmed by Fig. 2a—j,
showing a clear NQsensitive regime over most of the
Mediterranean region. Note that for AOT90, values are
non-zero only for a small part of the region (no or very
little 90 ppb threshold exceedences are simulated for a
large part of the region).

C

n

Differences in results for different targets are most im-
portant for the transition region over North-Eastern Ger-
many and are most obvious in the metri€sit is 0.36

Atmos. Chem. Phys., 10, 100884-2010
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Fig. 2. Reference and chemical regime simulations for different ozone targets (period as in Fégb)jaily Ox (= Oz + NOy) maximum,

(c,d) daily mean ozongle,f) AOT40, (g,h) AOT60, (i,j) AOT90, (k,I) SOMO35; for definition of AOT’s and SOMOS35 see explanation in
the text.

for OF'® (daily ozone maximum), but zero or near zero for AOT40 and SOMO35, thus these targets do not show
for Of'® (daily Ox = O3+ NO2 maximum), AOT60 and a clearly defined chemical regime, which is again con-
AOT90. In conclusion, these latter three targets showa  firmed by a small mean to scatter ratio (below 0.15).
more NQ sensitive behaviour thanf8*. This is also Only Ogmy clearly shows a VOC sensitive chemical
confirmed by their negative mean values (indicating a regime, withf equal to 0.97 and a positive mean larger
NOy sensitive regime). Note however, that for AOT90, than its scatter (Table 1). These differences with respect
only a small part of the North-Eastern Germany region to targets are also obvious in Fig. 2. The delimitation
is covered. The fractiorf is respectively 0.59 and 0.48 line between N@and a VOC sensitive chemical regime

Atmos. Chem. Phys., 10, 10063084 2010 www.atmos-chem-phys.net/10/10067/2010/
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oy . . .
Table 1. Statistical measures for the average chemical regime ni?(r_ d3n , the mpre VOC sensitive regme with res.pect.to
statistics for summers 2001-2003: sigma, min and max denotd3 IS ot surprising, because the target includes night time

the spatial variability of temporal averages> 0 the fraction of ~ @nd morning ozone, which is more sensitive to titration by
grid cells with average VOC sensitive chemical regime; for three NO. The chemical regime for AOT40 (Fig. 2f) has a similar

regions: spatial structure as that for}?. As 05, this target is also
(a) North-Western Europe (NWEU,°W-6°E, 50 N-53 N), sensitive to night time and morning ozone values.
(b) Mediterranean (MED, ®W-20°E, 38 N-43’N), and The more NQ sensitive chemical regime for AOT60 as
(c) North-Eastern Germany (NEGS W-14’ E, 50° N-54° N). compared to @2 (especially over North-Eastern Germany)
is not easy to explain. It could be that the situations with
@) _ _ larger ozone levels collected by this target favour a morg NO
NWEU Mean Sigma — Min  Max f>0 sensitive regime, due to enhanced radical production through
0@ [pph] 385 162 -035 720 0098 ozone photolysis during ozone rich conditions.
Ogs; (ppb] 217 121 -078 481 097 The AOT90 spatial distribution has a rather patchy struc-
O3~ [ppb] 398 116 110 6.10 1 ture, i.e. for many more rural regions, AOT90 is zero or
20T40 [(Pp 4556 1855 354 7665 1 near zero, because the 90 ppb threshold is not (often) ex-
OT60 [ppb h 641 446 —468 1571 0.94 n
AOT90 [ppb h 29 43 -28 156 079 ceeded. The results of a less pronounced VOC sensitive
SOMO35[ppb d 423 170 —-22 684  0.99 chemical regime over North-Western Germany and of a less
®) pronounced NQ sen§itive chemical regime the Mediter—_
MED Mean Sigma Min  Max f>0 ranean seem contradictory and are again not easy to explain.

Clearly, only a small part of events during summers 2001 to

max . .
O3 [Ppb) -21r 058 -356 220 001 2003 is sampled by this target.
o pphy —2.37 045 -401 195 0.1 A lusi int out the similaritv in th ial
O™ [ppb) 155 057 -223 196 004 _As a conclusion, we point out the similarity in the spatia
AOT40[ppbH  —4303 1566 —6664 1877  0.02 distribution in the chemical regime for different ozone tar-
AOT60 [ppb h 1348 665 —2986 958  0.01 gets with a predominant VOC chemical regime over North-
AOT90[ppbH -12 28 —117 75 0.18 Western Europe and a predominant ;N€ensitive regime
SOMO35[ppbd ~ —250 67 370 198 0.1 in the Mediterranean region. This is an important result of
(©) this study, as it demonstrates the robustness of the chemical
NEG Mean Sigma Min  Max f>0 regime concept as well as the robustness of its application to
Ol [ppb) —0.21 059 -159 119 036 Europe. Wh_en analysmg trans!t|0n regions as Ngrth—Eastern
O [pph _085 052 -185 022 003 Germany, differences in chemical regimes for different tar-
o' [ppby +0.99 052 -013 223 097 gets also become apparent: fof'® and AOT40, the chem-
AOT40[ppbH 98 711 -1787 1668  0.59 ical regime is more VOC sensitive than fo£'®, for OF'®
AOT60 [ppb h —366 176 —-880 53 0 and AOT60, it is more NQsensitive.
AOT90[ppbH -8 13 -101 0 0
SOMO35[ppbd 0 67 159 160 048 3.2 Relation to chemical regime indicators

In this section, we attempt to relate the average spatial struc-
ture of the chemical regime (for the case df¥) to several
through the North-Eastern Germany region designs thexplanatory factors, in particular to emission strength and
western part as being VOC sensitive, the eastern part asccumulation, and to radical production and loss processes.
NOy sensitive. In line with results from Table 1, this de- This analysis is based on specific trace gas concentrations or
limitation line is shifted eastwards with respect t§®  ratios which have been widely used as so called “chemical
for Ognoy and AOT40. Thus a larger part is covered by regime indicators” in urban and urban plume studies (Mil-
VOC sensitive regime. The line has a similar position ford et al., 1994; Sillman, 1995, and others).
for SOMOS35, and is shifted westwards fof'® and As expected from theory (see Sect. 1), the chemical regime
AOT6O. is more VOC sensitive in regions with large N®missions
(Fig. 3a), as especially over North-Western Europe (from
We now briefly discuss reasons for differences in chem-Southern England to Western Germany), but also over parts
ical regimes for different targets. The more N€ensitive  of the Po valley, and the ship tracks in the Mediterranean
regimes found for Q2 relative to GI'** result from the Sea. NQ has been proposed by Milford et al. (1994) as
fact that ozone titration with fresh NO emissions adds to aan indicator discriminating chemical regimes, because it is a
VOC sensitive regime for ©(through @ loss with NO),  tracer of NG emissions that an air mass received during its
but is neutral for Q (following the Q definition as the sum  recent history (hours to days). They found that a,Nidesh-
O3+ NOy). This effect is most pronounced in regions with old value between 10 and 25 ppb separates the two chemical
large NO emissions as in North-Western Europe. regimes for different polluted areas in US. Vogel et al. (1999)
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Fig. 4. Relations between chemical regimes and indicators, aver-
aged over summer (May—August) 2001 at 15:00 UT, as in Table 2.
Each point in the scatter plot corresponds to values for individual
grid cells.

vertical emission dispersion is low in the model. {NGbn-
centrations fairly well correlate with the chemical regimes
as depicted in Fig. 1d. The spatial correlatidt) petween
the chemical regime and N@oncentrations, both averaged
for summer 2001 at 15h, is 0.63, see Table 2 and Fig. 4a.
A threshold value of 7.6 ppb can be determined which op-
timally discriminates about 83% of the chemical regimes
Fig. 3. Maps of annual N@ emissions (NG equivalent) for year  (i.e. 83% of the grid cells assigned to a particular regime as
2000 per 50« 50 kn? grid cells, from EMERa), chemical regime  a function of the indicator really indicate the correct chem-
indicator concentration or ratios (averaged over summer 2001)ical regime, while 17% indicate the wrong one; for other
(b) NOy [ppb], (c) H202/NOy ratio, (d) O3/ NO; ratio. threshold values, the fraction of correct predictions would
be smaller). This threshold value is at the lower end of the
range of values given in the literature (between 6 and 25 ppb,
found threshold NQvalues between 6 and 13 ppb for South- see the paragraph above), which can be explained by several
Western Germany and discussed their variability with respecteasons: (1) the lower VOC/NGemission ratio over Europe
to the VOC/NQ emission ratio, meteorological conditions compared to US where biogenic VOC emissions are much
and ozone advection. larger (e.g. Curci et al., 2009), (2) a larger domain consid-
In our study, large N@ concentrations (Fig. 3b, average ered in our study making loss of the N@acer through rapid
over summer 2001) are found in large emissions areas (foHNOs dry deposition more critical (i.e. deposition processes
example Southern England) or in their lee (i.e. over the Northtend to lower the NQ indicator value for a given chemical
sea), or over ship tracks in the Mediterranean basin, whereegime, because ozone deposition, the major PBL ozone loss,
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Table 2. Relations between chemical regimes and indicators, aver-StUdy could imply a loss of NPthrough HNG dry deposi-

aged over summer (May—August) 2001 at 15:00 UT. tion, which would artificially increase thesINO; threshold.
In conclusion, an important result of our study is that

trace gas ratios, that have been used to distinguish between

Indicator HO2/NOz  O3/NOz  NOy [pph) chemical regimes on an urban/regional scale during pollu-
Spatial correlation with ~ —0.82! —0.64 0.63 tion episodes, are still discriminative on a larger, continental
chemical regime scale and for average summer conditions. Threshold values
Threshold value 0.205 12.1 7.6 to distinguish chemical regimes found in this work are close
(literature values in (0.23-0.41)  (6-11) (6-25) to the range of values in the literature. However, it has to
parenthesis) be kept in mind that thresholds derived in our work are rel-
Discriminative capacity 89% 81% 83% ative to larger scale features, in particular to differences in

chemical regimes in North-Western Europe and the regions
1 values indicate correlation coefficients with the negative of inverse of the indicator, around, and that these thresholds can not be direcﬂy app|ied
in order to obtain a near linear relation with the chemical regime. to urban plumeS. |n the next Sectlon’ we Wl” use these Chem_

ical regime indicators to understand the day to day variability

of the chemical regime.
is slower than N@deposition) and (3) consideration of aver-

age conditions in our study with lower ozone concentrations3 3 Inter-annual, seasonal, and day-to-day variability
than in studies focussed on pollution episodes.

Our NGO, threshold value is larger in the southern 3.3.1 Interannual variability
part of the domain {9ppb) than in its northern part
(~6ppb). This is probably due larger odd hydrogen radi- |n this section, we examine the temporal variability of chem-
cal (HO,=0OH+HO, + X RO) production in the southern jcal regimes, on an inter-annual, seasonal and day to day
part of the domain, due both to larger radiation intensity andscale.
larger ozone concentrations. This shifts the chemical regime  Gijyen the differences between the extreme summer 2003,
to more NG sensitive for a given amount of N@missions  and the typical summers 2001 and 2002 (see Sect. 2.2), it is
and NG concentrations (see discussion below and Kleinmaninteresting to analyse if significant differences in chemical

etal., 1997). regimes can be observed for the targg¥®
Another chemical regime indicator, the,8>/NO; ra-

tio, has proven useful, because it takes into account both — over North-Western Europe, and averaged individually

the impact of emissions and radical production (Sillman, for each of the three summers, 97-98% of the grid cells
1995). It compares the time integrated radical sink through show a VOC sensitive regime with an average value
HOx + NOy reactions, yielding N@ to the time integrated (over the region) between +3.65 and +4.06 ppb,

radical sink through H@+HO, recombination reactions,

yielding H,O2. The latter corresponds to an excess radi- — over the Mediterranean, 97-99% of the grid cells show
cal production beyond titration with NOemissions, which a NO; sensitive regime with an average ef1.92—
favours a locally NQ sensitive regime (Kleinman, 1997). —2.40 ppb,

Threshold values for this indicator are thought to be less

dependent on ambient conditions, which has been veri- — over North-Eastern Germany, differences between sum-
fied for different European locations for the similar tracer mer 2003 and summers 2001/2002 are somewhat larger.
H202/HNO3 (Hammer et al., 2002). Figure 3c shows low ra- For these latter years, 57 and 59% of grid cells show a

tios over North-Western Europe and large ratios over most of NOy sensitive regime while it is 73% for 2003. The
the Mediterranean Sea, corresponding to the dominantchem-  chemical regime averaged for this region-€.1 ppb
ical regimes in Fig. 1d (spatial correlation 0.82, see Ta- for 2001 and 2002, while it is-0.4 ppb in 2003.
ble 2 and Fig. 4b). A threshold value of 0.205 optimally
discriminates 89% of the chemical regimes. This thresholdAs a conclusion, as for the previous analysis with differ-
is at the lower end of a range of values given for five US ag-ent targets, differences in the chemical regime for the three
glomerations (between 0.23 and 0.41; Sillman et al., 1997). years are weak for the two regions with pronounced chemi-
Finally, the chemical regime trace gas ratiglO, sepa-  cal regimes, but are more important for the transition region
rates 81% of chemical regimes with a threshold value of 12.1North-Eastern Germany. Here, summer 2003 is morg NO
(spatial correlation-0.64) (Figs. 3d and 4c). This is slightly sensitive than summers 2001 and 2002. It is also concluded
larger than the range of values between 8 and 11 given byhat the restriction to analysis of a three-summer climatology
Sillman et al. (1997) and larger than the value of 6 to 7 foundappears to be justified for this work, because results are very
by Martilli et al. (2002) for a polluted episode in the Po val- similar, except somewhat larger differences for the transition
ley (Milano plume). Again, the larger scale considered in ourregion for summer 2003.
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Chemical Regime O3max 2001-2003_May [ppb]

Table 3. Statistical measures for the average chemical regime
for Og‘ax statistics as in Table 1, but stratified as a function of
the month, for the period 2001-2003; (a) North-Western Europe,
NWEU, (b) Mediterranean, MED, and (c) North-Eastern Germany,
NEG.

(@
NWEU Mean Sigma Min Max f>0
Omax

3
Mai 3.26 1.17 0.05 5.87 1
June 4.22 1.71 -0.11 7.26 0.99
July 4.00 1.65 -0.07 7.59 0.99
August 3.96 240 -1.55 9.02 0.95
(b)
MED Mean Sigma Min Max f>0
Omax

3
Mai —1.49 0.75 -2.35 2.65 0.05
June —-2.13 0.67 —-3.73 3.29 0.02
July —-2.21 0.52 -3.89 1.76 0.01
AUQUSt _291 065 _463 273 001 350'352'354°356°356° 0" 2° 4° 6 ' 012 14 16 1 20 27
(C) Chemical Regime 03max 2001-2003_July [ppb]
NEG Mean Sigma Min Max f=>0
Omax

3
Mai 0.52 0.54 -0.85 1.97 0.83
June 0.16 0.60 —1.39 1.28 0.65
July 0.24 0.73 —-1.41 1.84 0.61
August —-1.87 0.64 -3.12 -0.16 0

] SR,

350°352°354°356°358° 0 2° 4° 6% 8 10° 12 14° 18° 18" 20° 22°

Chemical Regime O3max 2001-2003_Aug [ppb]

3.3.2 Month to month variability

The monthly variability in the chemical regime from May
to August are shown in Table 3 and Fig. 5, results for the
target I each month being averaged over years 2001-
2003. The chemical regime distribution is fairly similar for
different months. In May, the VOC sensitive regime is spa-
tially slightly more extended over North-Western and Cen-
tral Europe, with a larger fraction of grid cells showing a
VOC sensitive regime over North-Eastern Germany (83%
as compared to 61-65% in June/July, see Table 3c). How-
ever, maximum values in the London/Channel/Benelux re-Fig. 5. Average chemical regime (with respect to daily ozone max-
gion are lower & +5 ppb, versus< +7 ppb for the June to imum) (a) for May, (b) for June,(c) for July, (d) and for Au-
August period, see Fig. 5). In August, the delimitation line gust 2001-2003.

between chemical regimes is shifted westward with respect

to May to July (Fig. 5). As a consequence, over North-

Eastern Germany, the regime switches from VOC sensitiveMediterranean, but also over the southern part of Germany
during May to July to NQ sensitive for August (Table 3c). and France, are even more enhanced during August 2003
During August, the N@ sensitve regime is also more pro- (Fig. 6), which was characterised during its first half by an-
nounced over the Mediterranean basin: minimum valuedicyclonic blocking over Western Europe leading to large re-
are down to—5ppb versus down te-3 ppb for the other gional ozone build-up (e.g. Vautard et al., 2005).

months (Fig. 5), average values for the Mediterranean are Blocking anticyclonic situations affect chemical regimes
—2.9 ppb for August as compared 2.1 and—2.2 ppb for  in various ways (e.g. Sillman, 1999): stronger emission ac-
June and July (Table 3b). The N®ensitive regimes overthe cumulation a priori favours more VOC sensitive regimes.

30" M
I

finhgiz |
350°352'354'356°358° 00 2 4 6 & 10° 12 14 16 18 20° 22
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On the contrary, enhanced emission ageing due to longer 0 0.2 0.4 0.6 0.8
. . . . H202/NOz ratio (C)
residence times over Western Europe, larger biogenic VOC 10— —
emissions due to enhanced temperature, enhanced radical | ¥

production due to stronger actinic fluxes and ozone concen-

. e . H =2 :3-*‘ &
trations all favour more NQsensmve regimes. Finally en- g | x“‘g’f‘!f*’i;"h- .
hanced photochemical ozone build-up implies larger overall 8, Ay S
. .. . Y P ]
sensitivity to local emissions and more pronounced chemi- | "’-“-.&-, .-

cal regimes. Unfortunately, shifts in chemical regimes as a .
function of the meteorological situation cannot be directly T | = ]
predicted from these conflicting arguments. 0 W s Nty 40(d)

In conclusion, even if again the pronounced chemical
regimes over North-Western Europe and the Mediterranearfig. 7. Scatter plots of chemical regime at 15:00 UT [ppb] for
are robust with respect to the month, the ,N€ensitive all days in summer 2001 versus regime indicatofg): 15:00 UT
regime is more pronounced in August and especially inozone [ppb]{(b) 15:00 UT NG, [ppb], (¢) 15:00 UT HO,/NO; ra-

August 2003, especially in the transition region in North- tio, (c) 15:00UT G/ NO; ratio. Black circles indicate averages
Western Germany. for the Mediterranean area¥8/—20° E, 38 N-43 N), red squares

for North-Eastern Germany {€-14 E, 50 N-54 N), green dia-
monds for North-Western Europe®(V—6° E, 5 N-53° N). Fig-
ure 1d shows the locations of the three domains.

3.3.3 Day to day variability

We now analyse the day-to-day variability in the chemical
regime induced by changes in meteorological conditions, for
the ' target and for the three specific regions North- introduced in Sect. 3.2 are now calculated for each day
Western Europe, Mediterranean and North-Eastern Germanyat 15:00UT) and related to the chemical regime. From
Figure 7 shows the daily variability of the chemical Fig. 7b—d, it can be seen that ranges of values for indicators
regimes for these regions (always at 15:00 UT for summer are distinct for different regions. This is expected from the
2001): always VOC sensitive for North-Western Europe, strong spatial differences in the summer average indicator
but with a high variability (+1pphkD_O3<+9ppb), values presented in Sect. 3.2 corresponding to the different
always NQ sensitive for the Mediterranear8.5 ppb chemical regimes. As for the average chemical regime, the
<D_0O3 < —0.5ppb), and variable for North-Eastern Ger- H,O2/NO; indicator shows more skill than the 3O,
many (7 ppb<D_O3 < +4ppb). Chemical regime tracers indicator and the N@indicator for North-Eastern Germany
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and thg Mediterrgnean, as iIIustrat_ed_ *?y larger tempqral-rable 4. Temporal correlationK) between chemical regimes and
correlation coefficients (Table 4). This is in agreement with i, §icators at 15:00 UT during summer (May—August) 2001.
the most physically relevant formulation of the®,/NO,

indicator outlined i_n_ Sect. 3.2. It is _interesting to note that ~ | qicator FO/NO, Oy/NO, NOy [pphl  Og [ppb
the more NQ sensitive chemical regimes observed over the

Mediterranean and North-Eastern Germany (Sect. 3.3) are v Zurope 072 -082 o7l 024
_ many g NE Germany ~0.80 —0.17 0.30 ~0.75
indeed related to enhancegd®b/NO; ratios. For the other Mediterranean Basin —0.65 ~0.15 0.04 ~0.52

chemical regime indicators, strong regional differences in
distinctive skill appear: for instance thes@®IO, and the 1 values indicate correlation coefficients with the negative of inverse of the indicator,
NOy indicators are valid only for North-Western Europe, in order to obtain a near linear relation with the chemical regime.
but not for North-Eastern Germany and the Mediterranean.
North-Western Europe is characterised by strong and fresh
NOy emissions and thus the N@ndicator is more relevant Europe. Simulations with summer 2001 meteorology (the
there than over North-Eastern Germany and the Meditersummer season that gives results closest to the 2001-2003
ranean where N{concentrations are due to older emissions average) have been performed for years 1980, 1990, 2010
giving rise to more loss of information by dry deposition. and 2020 emissions and are compared to the reference sim-
When studying the chemical regime daily variability, we ulations with year 2002 emissions. All emissions sets have
would like to know if days with high ozone concentrations been taken as expert emissions from the EMEP/Webdab site
are related to a particular chemical regime different from av-(http://webdab.emep.int/estreng et al., 2005). Emissions
erage. This is an important issue for air quality managementfor 2010 and 2020 are projections. The same boundary con-
although it has to be pointed out, that emission reductions apéitions are used for all cases in order to isolate the regional
plied in this study are constant over the whole European dosignal. The chemical regimes resulting from these emission
main (i.e. results do not allow predictions for emission reduc-data sets are shown in Fig. 8 for the case §fO The most
tions restricted to specific regions). Our results show that forstriking feature is the change in magnitude of the VOC sen-
North-Western Europe, the chemical regime is independensitive regime over the Southern UK/Channel/Benelux/Rhine-
of daily ozone maxima, for the Mediterranean it is slightly Ruhr region, values decreasing from more than +15 ppb for
more NQ, sensitive for large ozone values and for North- 1980 and 1990 to less than +5 ppb for 2010 and 2020. For
Eastern Germany it is strongly more N®ensitive for large  Germany, a general switch form a VOC sensitive regime
ozone values (Fig. 7a). Thus for large ozone values, relevann 1980 and 1990 to a NQsensitive regime in 2010 and
for air quality issues, the chemical regime is N€ensitive 2020 can be noted. On the contrary, changes in the in-
over North-Eastern Germany. Correspondingly, the chemitensity in the NQ sensitive regime over the Mediterranean
cal regime in this latter region is also slightly N@ensitive  basin are only minor. For AOT60 (not shown), the same
with respect to AOT60, a target which gives larger weight type of evolution is found, the VOC sensitive regime being
on high ozone values (Fig. 2h). Explaining these features ignuch less pronounced in 2010/2020 than in 1980/1990 and
again difficult: enhanced ozone values trigger enhanced racdthe regime shifting from VOC to NOsensitive over Ger-
ical production by ozone photolysis, and may shift the chem-many. Very low AOT90 is simulated for the years 2010
ical regime to more NQsensitive. However, days with large and 2020, which makes it difficult to use AOT90 as a tar-
ozone values may also be indicative for particular transportget for future chemical regime analysis. These changes can
patterns and source regions, triggering particular chemicabe related to the emission changes summarized in Table 5.
regimes. For UK, the Benelux, Germany and France, anthropogenic
As a conclusion, we have shown in this section that indi-NOx and NMVOC emission reductions especially between
cator species can be used to explain the daily variability 0f1990 and 2010 are very large, reaching about a factor two
the chemical regime in terms of N@missions and radical to three, resulting in the large simulated decrease in VOC
production. Differences in skill of indicators within differ- sensitivity over that area. Emission changes in the periods
ent regions are apparent. Finally, the chemical regime card980 to 1990 and 2010 to 2020 are in general much lower
also depend on ozone itself. Especially for North-Easternthan those between 1990 and 2010, thus the major changes
Germany and to less extent for the Mediterranean region, thé" chemical regimes occur between 1990 and 2010. As a
regime is more N@sensitive in presence of large ozone lev- conclusion, there is a clear tendency towards a morg NO

els. sensitive chemical regime over Europe over time, consis-
tent with ongoing NQ emission reductions. It has to be
3.4 Decadal variability with respect to European kept in mind that changing meteorological conditions could
emission changes also influence ozone concentrations and the chemical regime.

Taking these complicated effects into account is beyond the
In this section, we address the impact of estimated passcope of this paper. However, it can be argued that the im-
and future emission changes on the chemical regime ovepact of regional climate changes will take a longer time scale
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Fig. 8. Chemical regime simulations with respect to daily ozone
maximum for summer 2001 meteorology, but fay 1980,(b) 1990
emissions(c) 2010,(d) 2020 emission projections.

to become effective than do emission changes. For instance,
summer 2003 showed chemical regime changes comparable
or smaller to those due to emissions changes addressed in
this section. This type of summer has been proposed as a
proxy for regional climate conditions that could occur over
Western Europe in the second half of the century (Vautard et
al., 2007, and references therein).

4 Impact of model uncertainty

10079

evaluated. Even if comparison with observations made in
previous studies (see Sect. 2) showed rather small model er-

rs in particular for daily ozone maxima, the model sen-

sitivity with respect to emission changes cannot directly be
assessed from comparison with observations. Ideally, this
problem could be addressed by applying Monte Carlo anal-
ysis, which allows taking into account the global model un-
certainty. This type of analysis has been performed for the
Greater Paris region and it could be shown that the average
VOC sensitive regime found over this area was robust with

spect to model uncertainties in emissions, meteorological

and kinetic data (Beekmann and Derognat, 2003; Deguil-

ume et al., 2008). However, on a continental scale such an

analysis is more difficult to perform, because uncertainties
are more difficult to represent with such methods, as pertur-
bations cannot be taken as uniform across the domain (which
was the case in the previous local studies). Taking into ac-
count a spatial structure for the perturbations would make the
number of simulations very large. In the present work, as a

st approach the evaluation of model robustness is simply
ade by performing a small number of specific sensitivity

simulations:

1. Anthropogenic VOC emissions are increased by 40%
(as a flat rate for all individual VOC's). Indeed, chemi-
cal regimes are sensitive to the VOC/NEmissions ra-
tio. The value of 40% (as one sigma confidence level) is
atypical value used in former Monte Carlo experiments
(e.g. Deguillaume et al., 2007, and references therein)
but as a matter of fact, the exact uncertainty in VOC
emissions is not known. Modified VOC emission also
mimic uncertainties in the photochemical reactivity of
the gas phase chemistry scheme.

. The reduced MELCHIOR gas phase mechanism
(40 compounds;~120 reactions; Schmidt et al., 2001)
was replaced by the extended ore80 compounds,
320 reactions; Lattuati, 1997). Although this test does
not allow testing the full impact of uncertainty in chem-
ical mechanismes, it gives first indications: for example,
the operator concept (Aumont et al., 1996), which af-
fects in particular the yield of secondary VOC and thus
the HQ, radical budget, is used in the reduced version
of the mechanism, but not in the extended one.

3. Simulations were analysed in the second model layer
(50-200 m height) instead of the first layer (0-50m
height); differences in results indicate the presence
of complex vertical structures with low mixing which
might be difficult to be resolved by the model. Thus,
even if this test cannot assess the overall uncertainty due
to vertical mixing, it still allows identifying the regions

were this uncertainty is expected to be most critical.

In this section, the robustness of simulated chemical regimd-or all these configurations, a reference and two reduction
structure with respect to possible model uncertainty isscenario simulation are carried out in order to calculate the
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Table 5. NOx and VOC emissions and emission projections for selected countriedhftpriiwebdab.emep.ifiestreng, 2005).

NOx emissions NMVOC emissions
Gglyr NO, equivalents Gglyr
Year 1980 1990 2002 2010 2020 1980 1990 2002 2010 2020
UK 2580 2771 1578 1113 802 2100 2420 1166 901 863
Benelux 1023 911 671 552 454 853 763 460 409 416

Germany 3333 2844 1492 1174 905 3223 3590 1491 1140 867
France 2024 1897 1275 1051 812 2733 2499 1475 1024 937
Italy 1585 1918 1267 980 669 2032 1992 1343 971 732

Spain 1068 1206 1420 924 668 1392 1591 1090 832 794

1 Here the sum of emissions for Belgium and the Netherlands is taken.

chemical regime as above. Simulations only cover the montithe Mediterranean sea (near continental pollution sources
of June 2002 and results are displayed in Fig. 9. For all con-or ship tracks). Here, the uncertainty in vertical mixing
figurations, the gross structure in the chemical regime withprocesses probably prevents from correctly calculating the
respect to @* and AOT90 (not shown) remains the same chemical regime.
as for the standard configuration. For the increased VOC
emission case, maximum values within the VOC sensitive
regime are in the range of 7-10 ppb instead of 5-7 ppb for5 Conclusions
the reference case. At first sight this is not consistent with
theory, which predicts that regions with enhanced VOG/NO In this work, the robustness and time variability of chemi-
emission ratio should be more NGensitive (Kleinman et cal regimes over Europe during summers 2001 to 2003 has
al., 1997; Sillman, 1999). However, an enhanced initial been analysed based on regional scale CTM simulations.
VOC/NOx ratio in this region triggers enhanced photochem- A VOC sensitive regime over North-Western Europe (over
ical ozone production (not shown) which actually leads to Southern UK, the Channel region, and parts of the North
a more positive value for the chemical regime, which any-Sea, the Benelux, Northern France and Western Germany)
way is strongly VOC sensitive. The simulations with the ex- and a NQ sensitive regime over the Mediterranean basin and
tended and reduced chemical mechanism yield almost idenever Eastern Europe, with exception of ship tracks and sev-
tical results (differences in general below half a ppb). Theeral large agglomerations (i.e. Barcelona, Milano), are found.
chemical regime in model layer two is very similar to that Over Northern Germany, the chemical regime is near neutral.
in the surface layer over continental areas. Indeed, mixingThis confirms earlier work by Tarasson et al. (2003) and Der-
between these two layers in the afternoon and under summavent (2003). Then, time variability and robustness, with re-
conditions is strong in most cases. However, large differ-spect to environmental factors and model uncertainty, of this
ences can be found in coastal areas. VOC sensitive chemicaghemical regime structure has been systematically analysed.
regimes apparent in the surface layer especially near coast#lirst, the spatial distribution of chemical regimes is rather
pollution sources disappear in the second model layer (fotunchanged with respect to the ozone target considered: daily
example over the Adriatic sea, between Genoa and Corsicanaximum ozone or Q(sum of G and NQ), daily mean
Over the ship tracks near the North African coast, the VOCozone, AOT40, AOT60, AOT90 and SOMO35. Only over
sensitive regime is less pronounced in model layer two tharNorthern Germany, the chemical regime can shift from ei-
one. This behaviour is due to suppressed vertical mixing ovether slightly VOC sensitive (for daily mean ozone, AOT40,
water surfaces, which keeps emissions concentrated near tt®OMO35) to slightly NQ sensitive (for daily max. Q
ground, thus leading to a VOC sensitive regime there. How-AOT60). Chemical regimes appear also robust over various
ever, the uncertainty of these results with respect to simulatedme scales (year to year, month to month, day to day) for re-
vertical mixing is much stronger than that over continental gions with pronounced VOC sensitive (North-West Europe)
areas, because only few observational data exist to verifyor NOy sensititive (Mediterranean region) chemical regimes.
this complex vertical structure. Differences in the chemicalHowever, for transition regions as North-Eastern Germany,
regime with respect to AOT90 show the same behaviour tharboth month-to-month and day-to-day differences are strong.
those for @', Both VOC and NQ sensitive chemical regimes are realised,
As a conclusion to this part, the few sensitivity experi- the latter with an enhanced frequency in August, and when
ments performed in this study all show a similarity of chemi- ozone concentrations are larger. During August 2003, when
cal regimes with the exception of VOC sensitive regimes overWestern Europe was affected by an exceptionally hot and
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Chem. Regime Pollutant: O3max Layer: 1 Date: 200206 the chemical regime strongly responds to past or projected
' emission changes over Europe between 1980 and 2020. The
magnitude of the VOC sensitive regime over North-Western
Europe decreases from more than +15 ppb for 1980 and 1990
to less than +5 ppb for 2010 and 2020. For Germany, a gen-
eral switch form a VOC sensitive regime in 1980 and 1990 to
a NG sensitive regime in 2010 and 2020 is simulated, while
for the Mediterranean basin changes are minor. As a con-
: e clusion, there is a clear decadal tendency towards more NO
gLl Q. B sensitive regimes over Europe.
B The robustness of chemical regimes with respect to model
uncertainty (in emissions, chemistry, vertical transport) has
also been assessed, without claiming to address overall
model uncertainty of the global model or of specific mod-
ules. For all configurations the gross structure in the chemi-
cal regime remains unchanged. However, uncertainty in ver-
tical transport is expected to affect the chemical regime over
water surfaces in the Mediterranean Sea.

The use of indicator species proposed in the literature to
predict chemical regimes in particular for pollution episodes
has been extended here to a larger spatial and temporal scale.
It could be shown that NQ) H>O2/NO, and G/NO; ratios
show distinctive skill for the structure of the summer aver-
aged chemical regime over Europe. They are also correlated
with the chemical regime temporal variability, to a different
extent for different regions. Use of these indicators allows
explaining the spatio-temporal regime variability in terms of
variability in emission strength and radical production.

This study aimed at exhibiting regional scale patterns of
7 4 chemical regimes which are still resolved in a continental
SoT R 0 % £ 6 8w e A scale simulation with a 0°%5horizontal resolution. But finer
Shemical Reglme Gamzx Som300m 200208 fpet] urban scale features could not be addressed here, for com-
puter time and memory size reasons it was not possible to
perform European wide simulations with high enough reso-
lution (about 5 km; Thunis et al., 2007) to resolve such fea-
tures. However, progress in computer capacities might allow
such type of simulations in future.

Chemical Regime O3max EVOC+43% 200206 [ppb]
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Fig. 9. Sensitivity of chemical regime simulations with respect Edited by: Jorgen Brandt

model configuration and input data (for June 2002 and with respect
to daily ozone maximum){(a) reference(b) with anthropogenic
VOC emissions increased by 40%g) with the extended MEL-
CHIOR chemical mechanism instead of the reduced @)egesults
analysed in model layer 2 (50—200 m height) instead of layer 1 (0-
50 m height).
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NOy sensitive regions were more pronounced.

Emission strength is one of the known key factors deter-
mining the occurrence of a chemical regime. We find that
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