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Abstract. A new indicator is proposed for determining if tropospheric ozone production 
in a specific area is limited by VOC or NOx. The indicator 19 = r•ø•C/•oø•X describes the 
ratio of the lifetimes of OH against the losses by reacting with VOC and NOx. Whereas 
•oø• x can be obtained by conventional measurements, the new pump and probe OH 
approach which is described in part one of this publication makes it now possible to 
obtain also _voc ß o• ß Indicator values above a threshold value of 0.2 __+ 50% are 
representative of NOx-saturated conditions where an increase of NOx emissions causes 
lower ozone production. For values below 0.01 the ozone production is very insensitive to 
changes of VOC emissions. The robustness of this indicator against several parameters 
such as temperature, humidity, photolysis, and initial ozone concentrations is tested in a 
box model and compared to the robustness of other earlier proposed indicators. In 
contrast to earlier proposed indicators, this new one is not based on photochemically 
produced long-lived species but describes the instantaneous regime of an air parcel. 
Three-dimensional simulation shows that this indicator is quite successful in estimating the 
impact of increased or reduced emissions on the ozone concentrations for each location in 
the modeling area. This will make it a very helpful tool for developing ozone abatement 
strategies. 

1. Introduction 

High tropospheric ozone concentrations are currently a 
problem in many parts of the world. To develop effective 
abatement strategics, it is necessary to know whether in a 
specific area the ozone production is limited by the emission of 
volatile organic compounds (VOC), by the emission of NO•, or 
by both of them (regimes I, III, and II in Figure 1, respective- 
ly). This limitation can change from one location to another 
and within one location with the time. 

Several possibilities exist to determine whether VOC or NO• 
is the limiting factor for the ozone production. One way is to 
perform three-dimensional model calculations with several 
scenarios by increasing and decreasing the VOC and NO• 
concentrations to evaluate the changes in the simulated ozone 
concentrations. In situ measurements may bring complemen- 
tary and important information. It is thus necessary to find 
parameters which can easily be measured in situ on the one 
hand and which indicate the regime of ozone formation. Im- 
portant for an indicator is its sensitivity to the parameter of 
interest and its insensitivity to all other parameters. Several 
indicators have been proposed, for example, the afternoon 
concentrations of NOy [Milford et al., 1994], O•/NO• (with 
NO• = NOy - NO•), and H•O•/I-tNO• [Sillman, 1995]. Com- 
mon to all these indicators is that they are based on photo- 
chemically produced, relatively long-lived species and there- 
fore act like an integral over the past of the investigated air 
parcel. This makes it somewhat difficult to attribute a regime 
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to the place of emission as is necessary for the development of 
abatement strategies. In addition, the concentrations of species 
such as H202 and NOz are considerably influenced by dry 
deposition, which is regarded as the major source of uncer- 
tainties in model calculations of these species [Sillman et al., 
1998]. According to a study of Lu and Chang [1998], the 
threshold values of these indicators may vary for different 
locations. 

In this work, a new indicator is proposed which provides the 
sensitivity of the potential ozone formation to changes in the 
concentrations of VOC and NOx at the place and the time of 
the emission: t9 = •-•c/r•o•X , where •.•c is the lifetime of OH 
against the loss by reaction with VOC and •o• x is the lifetime 
of OH against the loss by reaction with NOx. This indicator can 
easily be measured by combining standard methods and the 
new pump and probe method which is described by Calpini et 
al. [1999] and Jeanneret et al. [this issue]. In this pump and 
probe approach, high amounts of OH radicals are produced by 
laser photolysis of the ambient ozone in the presence of water 
vapor, and the OH decay is followed by laser-induced fluores- 
cence spectroscopy. As this value 19 may also easily be obtained 
from model calculations, this indicator can be a helpful tool for 
the interpretation of field measurements as well as of modeling 
results and can support the development of ozone abatement 
strategies. 

2. Sensitivity of the Ozone Production 
to VOC and NOx 

Three regimes of ozone production are distinguished in Fig- 
ure 1. This figure results from a box model study where the 
ozone production from different VOC and NOx concentra- 
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Figure 1. Plot of the ozone mixing ratios against the NOx and VOC mixing ratios from the box model runs 
for the base case N4 defined in Table 2. The bold lines are the borders of the three regimes of ozone 
formation, and the thin lines represent the values of the indicator © = voc,•o •'on /ro• • calculated with RACM 
mechanism. 

tions was calculated. This figure will be discussed in detail 
later. In regime I, increasing NO• decreases ozone. In regime 
III the ozone formation is nearly insensitive to changes in the 
VOC. In regime II the changes in the ozone concentrations are 
positively correlated to the changes in the concentrations of 
VOC and NO•. 

Figure 2 gives an overview of the most important reactions 
connected to the ozone formation. In this picture the numbers 
in brackets correspond to the equation numbers in the text. 
Essential for the ozone formation is the cycle of odd hydrogen 
(odd H) which can be defined as the sum of OH, HO2, and 
RO 2 [Kleinman, 1986, 1991]: 

(R1) OH + VOC[+O2]--> RO2 -t- H20 

(R2) RO2 + NO[+O21 

---> (HO2 or a'o2) + NO2 + oxygenated VOC. 

HO 2 is formed if the intermediately formed alkoxy radical RO 
reacts with 02. R'O2 is formed if RO reacts by isomerization 
or decomposition. In most cases the R'O resulting from the 
reaction of R'O 2 with NO will produce HO 2. In Figure 2 the 
formation of R'O 2 is neglected. 

(R3) HO2 + NO--> OH + NO2. 

Because (R2) and (R3) of this cycle convert NO to NO2, this 
cycle drives the ozone production. 

(R4) NO2 + h •--> NO + O(3P) 

(R5) O(3p) -I- 02 •-> 03. 

The amount of odd hydrogen can be increased by the reactions 
of VOC with other reactive radicals such as NO3 or 03 or by 
photolysis reactions, for example: 

(R6) 03 + hv--> O(•D) + 02 

(R7) O(ID) + H20 -• 2OH. 

It is decreased if odd hydrogen radicals react with each other: 

(R8) RO2 + R'CH202--> ,,/(ROH + R'CHO) 

+ (1 - ,,/)(RO + R'CH20) + 02 

(R9) HO2 -t- HO2--> H202 -t- 02 

(R10) RO2 -I- HO2 • ROOH + 02 

oxyg. VOC 

Figure 2. Important reactions for the ozone formation. The 
bold arrows represent the odd hydrogen cycle. The gray arrows 
represent radiation-dependent reactions. The numbers in 
brackets correspond to the equation numbers in the text. 
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and if reactions of odd hydrogen with NOx provide stable 
products: 

(R11) OH + NO2[ + M] --) HNO3[ + M] 

(R12) RO2 + NO[ + M] -• RONO2[ + M] 

(R13) OH + NO[+M]-• HONO[+M] 

(R14) RO2 + NO2[+M]-• ROONO2[+M]. 

The odd H loss via (R13) and (R14) is only temporary because 
of the inverse reactions 

(-R13) HONO + h v -• OH + NO 

(-R14) ROONO2 --> RO2 + NO2. 

Under NOx-saturated conditions (regime I in Figure 1, often 
called "VOC-controlled") the NOx concentrations are high, 
and the loss of odd H by (odd H + odd H) self-reactions is low 
because HO 2 and RO 2 radicals react nearly completely with 
NO or NO 2. Because the rates of the reactions of NO with 
HO 2 and RO 2 are limited by the peroxy radical concentrations, 
an increase of the NOx concentrations cannot increase the NO 
to NO 2 conversion speed and therefore cannot increase the 
ozone production. On the other hand, increased NOx levels 
lead to an increased loss of odd H by the (OH + NO2) reac- 
tion. Because VOCs compete with NO 2 for OH, an increase in 
the VOC concentrations lowers the odd H loss from the 

(OH -t- NO2) reaction and increases the RO 2 production. 
Hence an increase of VOC leads to enhanced ozone values, 
whereas an increase of NOx lowers the ozone concentration. 
The border between regime I and regime II is characterized by 
the highest possible ozone production for a given VOC con- 
centration. This is visualized in Figure 3a that is a section of 
Figure i keeping VOC constant equal to 80 ppbv. Varying the 
NOx mixing ratios for a constant VOC concentration leads to 
an ozone maximum which separates regime I from regime II. 
The indicator © = 'r•OHC/rNooOHX represents the relationship of the 
competing reactions (NOx + OH) and (VOC + OH) and is 
therefore able to distinguish between regimes I and II. 

In the regime of pure NO x control (regime III in Figure 1) 
the NOx concentrations are low, and the reaction (odd H + 
odd H) becomes an important odd H loss reaction. The lim- 
iting parameter for the NO to NO 2 conversion is no longer the 
amount of HO 2 or RO 2 but the amount of available NO. 
Therefore an increase of NOx enhances the NO to NO 2 con- 
version and the ozone production. In contrast, an increase of 
the VOC concentrations only accelerates the OH to RO 2 con- 
version, but because RO 2 is not the limiting factor for the NO 
to NO 2 conversion, it cannot increase the ozone production. 
The border between regime II and regime III is not defined by 
the highest possible ozone production for a given NOx con- 
centration but by a line at which the increase in the ozone 
concentrations caused by adding VOC becomes very small. 
This is visualized in Figure 3b which is a section of Figure 1 
keeping NOx constant equal to 2 ppb and will be discussed 
later in detail (see equation (1) in section 3 below and associ- 
ated discussion). Note that the VOC axis has a logarithmic 
scale. The relationship of RO 2 and NO is crucial in determin- 
ing how much RO 2 drives the NOx cycle and how much is 
removed by (odd H + odd H) reactions. NO concentration is 
linked to the NOx concentration and therefore to the lifetime 
r•oOH x. The amount of produced RO 2 radicals is linked to the 

z, vocc' where Cvo½ is the concentration of VOC. rate ,•OH '•'VOC 
Therefore it is linked to the lifetime _vo½ Thus the indicator TOH ß 

= ,øH½/rgOøH x is aso expected to be able to distinguish be- 
tween regimes II and III. 

VOC. NOx 3. Test of the Indicator • - 'toI_ I/'toI_ I 
in a Box Model Study 

The first tests of the indicator © were performed with a box 
model. With box model runs one may investigate the sensitivity 
of the indicator to a large number of different parameters 
keeping the concentrations in each run so stable that the re- 
gime can be kept unchanged during the run. In this way it is 
possible to determine the robustness of that indicator. It will be 
compared to the robustness of the other proposed indicators 
NOy, O3/NO•, and H202/I-tNO3. The model conditions are 
summarized in Table 1. The applied mechanism was the 
RACM mechanism [Stockwell et at., 1997] which is a further 
development of the older RADM 2 mechanism [Stockwell et 
at., 1990]. 

Table 2 shows the calculated scenarios and the resulting 
indicator values. The simulations were done in two steps. For 
each scenario, 162 box model runs (started at 0600 LT and 
stopped at 1500 LT of the same day) were performed varying 
the VOC mixing ratios in nine steps between 20 ppbv and 5 
ppmv (20, 40, 80, 160, 320, 640, 1280, 2560, 5120 ppbv) and the 
NO• mixing ratios in 18 steps between 8 ppt and I ppm (0.0078, 
0.0156, 0.03125, 0.0625, 0.125, 0.25, 0.5, 1, 2, 4, 8, 16, 32, 64, 
128, 256, 512, 1024 ppb). To define the border between re- 
gimes I and II more precisely, in a second step close to the 
preliminary determined border the NOx mixing ratios are var- 
ied by 10 times smaller intervals (e.g., between 4 and 8 ppb by 
0.4 ppb steps, compare Figure 3a). Thus, for each scenario, 324 
box model runs were performed. In both steps the concentra- 
tions of NO x and the nonoxidized VOC were kept constant, 
corresponding to a situation where the emissions compensate 
the losses. Oxidized VOC like aldehydes and ketones are 
formed and degraded in the system; nevertheless, the sum of 
all VOC is nearly constant during the run. With very few 
exceptions the increase in the VOC concentrations due to 
produced oxygenated VOCs is below 20%, and the increase of 
the VOC reactivity is below 30%. 

This constancy of the concentrations is important because it 
avoids a change of the regime during the run. If the regime 
would change, for example, at 1400 LT from II to I the ozone 
formation which was mainly caused by the conditions of regime 
II would be attributed to regime I, and consequently the de- 
termined indicator value would be interpreted incorrectly. A 
second reason is that a comparison between an indicator like (9 
which describe the instantaneous regime and indicators which 
act like an integral over the past of the investigated air parcel 
would be much more difficult if the regime has changed during 
the run. 

The VOC split for the base case (N4 in Table 2) was derived 
by running a box model for 2 days with emissions typical for 
continental European air ("PLUME2" case in the mechanism 
comparison of Kuhn et al. [1998]). The split calculated for the 
noon of the second day was modified. The HCHO was reduced 
from the calculated value of 20% of the total emitted VOC to 

the more common value of 6% (compare, for example, values 
given by Finlayson-Pitts and Pitts [1986]). This HCHO reduc- 
tion was compensated for by increasing the nonoxidized VOC 
species accordingly. 
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Figure 3. Plot of the ozone concentration calculated for the base case N4 (see Table 2) of the box model 
runs. The ozone is plotted (a) against NOx in logarithmic scale keeping VOC constant equal to 80 ppbv and 
(b) against VOC in logarithmic scale keeping NOx constant equal to 2 ppb. 
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Table 1. Conditions for RACM Box Model Calculations a 

N, R, E, H, L, 
Normal Reactive High Reactive Low Reactive High Nitrate Low Nitrate 

Mean oi-i i 2.6 X 10 -13 1.1 X 10 -11 3.8 X 10 -12 kvoo c m3 s- 4.1 x 10 -12 7.7 X 10 -12 
Methane, ppb 1700 1700 1700 1700 1700 
CO, ppb 100 100 100 100 100 
03, ppb 50 (10-150) 50-100 50-100 50-100 50-100 
NOx NOx NOx NOx NOx NOx 
Ethane 0.053 x VOC 0.032 x VOC 1.000 x VOC ..- 0.059 x VOC 
Less reactive alkanes HC3 0.429 x VOC 0.260 x VOC ...... 0.472 x VOC 
Medium-reactive alkanes HC5 0.088 x VOC 0.088 x VOC ......... 

High-reactive alkanes HC8 0.025 x VOC 0.025 x VOC -" 1.000 x VOC -.' 
Ethene 0.030 x VOC 0.030 x VOC ...... 0.034 x VOC 
Terminal alkenes OLT 0.0016 x VOC 0.016 x VOC ...... 0.0016 x VOC 
Internal alkenes OLI 0.0004 x VOC 0.004 x VOC ...... 0.0004 x VOC 

Toluene 0.056 x VOC 0.056 x VOC ...... 0.062 x VOC 

Xylene 0.008 x VOC 0.080 x VOC ...... 0.009 x VOC 
HCHO 0.060 x VOC 0.100 x VOC ...... 0.067 x VOC 

Higher aldehydes 0.050 x VOC 0.120 x VOC ...... 0.056 x VOC 
Ketones 0.199 x VOC 0.189 x VOC ...... 0.239 x VOC 
•; VOC 1.000 x VOC 1.000 x VOC 1.000 x VOC 1.000 x VOC 1.000 x VOC 

avoc (ppbv): 20, 40, 80, 160, 320, 640, 1280, 2560, 5120. NOx (ppb)' 0.0078, 0.0156, 0.03125, 0.0625, 0.125, 0.25, 0.5, 1, 2, 4, 8, 16, 32, 64, 128, 
256, 512, 1024. Simulation time: 9 hours (0600-1500 LT). 

The base case is calculated using the diurnal varying solar 
radiation of June 21 at 40 ø north and clear sky and constant 
values for temperature (298 K) and humidity (0.01 atm water 
partial pressure). The calculated ozone and indicator values at 
1500 LT of the base case N4 are shown in Figure 1. The scale 
of the axis corresponds to the NOx and VOC concentrations 
used in the 162 scenarios. The first step to evaluate the results 
is to identify the three regimes in each data set from the results 
at 1500 LT. 

3.1. Border Between Regime I and Regime II 

The border between regime I and regime II is defined by the 
highest ozone values found for each VOC mixing ratio. The 
indicator values belonging to the different regimes were deter- 
mined by the following procedure. First, for each VOC con- 
centration the ozone maximum resulting by varying the NOx 
concentrations is determined. This is visualized in Figure 3a 
which shows a plot of the ozone mixing ratios against the NOx 

Table 2. Criteria for Determining the Regime (VOC or NOx Limitation) a 

Photo- 

lysis Initial 
T, Pu2o, (40øN), 03, 

,•OC,_NOx NOy O3/NO z H202/I-INO3 H /TOH 

I II II III I II I II I II II III 

Case K atm day ppb Lowest Highest Lowest Highest Lowest Highest Highest Lowest Highest Lowest Highest Lowest 

N1 298 0.01 June 21 
N2 298 0.01 June 21 
N3 298 0.01 June 21 
N4 298 0.01 June 21 
N5 298 0.01 June 21 

N6 298 0.01 June 21 
N7 283 0.01 June 21 
N8 283 0.01 June 21 
N9 298 0.005 June 21 

N10 298 0.005 June 21 
Nll 298 0.02 June 21 
N12 298 0.02 June 21 
N13 298 0.01 Dec. 21 
N14 298 0.01 Dec. 21 
R1 298 0.01 June 21 
R2 298 0.01 June 21 
E1 298 0.01 June 21 
E2 298 0.01 June 21 
HI 298 0.01 June 21 
H2 298 0.01 June 21 
L1 298 0.01 June 21 

L2 298 0.01 June 21 

10 0.14 0.19 0.007 0.027 10 2980 10 0.9 0.075 0.053 23 0.67 
20 0.14 0.21 0.008 0.027 11 3040 11 0.8 0.082 0.047 16 0.67 
30 0.14 0.21 0.008 0.027 11 2990 11 0.9 0.066 0.053 13 0.67 
50 0.14 0.21 0.015 0.027 11 2990 12 0.9 0.079 0.053 7 0.67 

100 0.14 0.27 0.015 0.027 15 3000 13 0.9 0.070 0.053 5 0.66 
150 0.15 0.33 0.008 0.027 19 2990 13 0.9 0.060 0.052 7 0.65 

50 0.08 0.23 0.009 0.016 12 1860 10 1.1 0.103 0.055 7 1.6 
100 0.08 0.25 0.016 0.016 15 1790 11 1.1 0.120 0.057 5 1.6 
50 0.13 0.22 0.015 0.027 10 2860 14 0.9 0.063 0.046 6 0.57 

100 0.13 0.26 0.016 0.028 11 2870 17 0.9 0.058 0.050 4 0.56 
50 0.15 0.27 0.015 0.027 18 3160 8 0.8 0.086 0.062 8 0.85 

100 0.15 0.34 0.015 0.028 24 3160 8 0.8 0.078 0.061 6 0.84 
50 0.10 0.17 0.031 0.029 28 950 52 1.3 0.078 0.060 1.3 0.51 

100 0.10 0.19 0.031 0.032 28 1020 25 1.3 0.086 0.053 0.9 0.50 
50 0.08 0.21 0.015 0.054 29 27400 8 0.1 0.078 0.054 7 0.10 

100 0.08 0.26 0.026 0.055 35 28200 8 0.1 0.066 0.049 3 0.10 
50 0.05 0.39 0.001 0.012 5 26 17 14 0.144 0.091 0.2 0.08 

100 0.07 0.47 0.001 0.021 8 35 19 13 0.115 0.099 0.1 0.004 
50 0.01 0.11 0.082 0.376 9 58 15 14 0.039 0.006 0.03 0.00004 

100 0.01 0.16 0.088 0.778 14 5 15 14 0.045 0.025 0.07 0.00001 
50 0.12 0.15 0.016 0.030 3 950 44 1.2 0.070 0.065 74 0.68 

100 0.11 0.16 0.017 0.031 4 20 68 13 0.113 0.069 56 0.67 

aCases: N, normal reactive VOC split; R, more reactive VOC split; E, all VOC equal ethane; H, high nitrate formation, all VOC are large 
alkanes (HC8 in RACM); L, VOC split with low nitrate formation (see Table 1). After attributing each of the 324 box model runs of one case 
to the calculated regime, the lowest and/or highest indicator values found for each regime are listed. The definitions for the regimes are the same 
for all indicators and are explained in the text. The border between regime II and regime III is determined using alim - 0.05 (see text). 
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Figure 4. Dependence of the mixing ratios of (RO 2 q- HO2) (in ppb, thin lines) on the mixing ratios of NOx, 
VOC, and 03 resulting from the box model runs of the base case N4. The bold lines are the borders of the 
three regimes. 

mixing ratios keeping VOC constant equal to 80 ppb. Each box 
model run is symbolized by a circle. The box model runs that 
are located to the right of the maximum are attributed to 
regime I; the other ones are attributed to regime II (or III, see 
below). This is done for all nine different VOC initial concen- 
trations of the case N4. The minimum indicator value of the 

complete set of all box model runs which are attributed to 
regime I is determined. In the same way the maximum indica- 
tor value of all box model runs which are attributed to regime 
II is determined. Both values are listed in Table 2. 

For N4 the lowest value found for regime I is about 30% 
lower than the highest value found for regime II. Considering 
the fact that the indicator values in Figure 1 cover 6 orders of 
magnitude, this 30% overlap is relatively small; therefore the 
isolines of the © values are nearly parallel to the border be- 
tween regimes I and II. Being parallel is an important prereq- 
uisite required for a good indicator. However, there is a small 
difference in the slope of the © isolines and the regime border 
which leads to the overlap of regimes I and II found in Table 
2. This overlap occurs because the © values at the border tend 
to become smaller for higher VOC concentrations. This trend 
can be explained in the following way: In Figure 1, point A 
(describing the ratio 20 ppbv VOC/3 ppb NOx) is located at 
the border between regime I and regime II. Increasing the 
mixing ratios of both VOC and NOx by 2 orders of magnitude 
provides the point B (2 ppmv VOC/300 ppb NOx) which is 
connected to the same indicator value © (because the VOC 
split remains constant). This point is no longer located at the 
border but inside regime I. This is because the corresponding 
concentrations of odd hydrogen are only increased from 30 to 
200 ppt and therefore only by 1 order of magnitude as can be 
seen in Figure 4 where the isolines of the sum of RO 2 and HO 2 
are plotted against the VOC, NOx, and 03 values of the base 

case N4. Thus, for the conditions of point B, the ratio (RO 2 q- 
HO2)/NO x is smaller than at point A, and the cycle 

(R2), (R3) RO2 (or HO2) q- NO --> NO2 q- other products 

(R4) NO2 q- h v--> NO + O(3p) 

is more sensitive to changes in the RO 2 (and therefore in the 
VOC) concentrations and less sensitive to changes in the NO x 
concentrations than at point A. For that reason, increasing the 
concentrations of both NO x and VOC without changing the 
ratio VOC/NOx (which means in the case of a constant VOC 
split: without changing the value of ©) increases the sensitivity 
to VOC and lowers the sensitivity to NO x. Hence the border 
between the regimes is shifted to lower © values. However, this 
shift is not very pronounced, changing the indicator value at 
the border between regime I and regime II from 0.21 for low 
NO x and VOC to 0.14 for high NOx and VOC (Table 2). 

To investigate the robustness of the indicator, several sce- 
narios were calculated using different meteorological condi- 
tions, different initial ozone concentrations, and different 
VOC splits. From the base case N4 the initial ozone concen- 
tration was changed (scenarios N1-N6). The temperature was 
lowered to 283 K (N7 and N8). The humidity was changed by 
a factor of 2 (N9-N12). The solar radiation was lowered to that 
of December 21 at 40øN (N13 and N14). The VOC split was 
varied by replacing all VOC by the low-reactivity ethane (El 
and E2), by large alkanes which produce the highest amounts 
of nitrates (Hi and H2), by a VOC split which produces very 
low amount of nitrates (L1 and L2), or by a high-reactivity 
VOC split which was derived by increasing the most reactive 
VOC OH 10-11 1) (kvoc > 2 x cm 3 s- by a factor of 10 and 

OH 10-•2 lowering the least reactive ones (kvoc -< 2 x cm 3 S -•) 
by 40% (R1 and R2). All these cases were evaluated in the 
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same way as described for the base case N4. The results are 
collected in Table 2. The indicator © would distinguish per- 
fectly between regimes I and II if the lowest value found in all 
cases for regime I were larger than the highest value of all 
cases found for regime II. If that would be the case the indi- 
cator would be extremely insensitive to all investigated param- 
eters (e.g., photolysis, humidity, VOC reactivity, etc.) but sen- 
sitive to the regime. 

The indicator values at the border (lowest values for regime 
I and highest values for regime II) are slightly positively cor- 
related to the initial O3 concentrations (N1-N6), photolysis 
rates (N13, N14), and humidity (N9-N12). This is due to the 
fact that higher ozone or water concentrations or a higher 
photolysis rate lead to a higher OH production rate via O(•D) 
and therefore compensate higher OH losses caused by the 
(OH + NO2) reactions. This effect is small. By increasing the 
reactivity of VOC (scenario R1 and R2) more VOC react in 
one time step. This is comparable to a higher VOC concen- 
tration of a less reactive VOC split like that of the scenarios 
N1-N6. Hence the indicator values for the highest VOC con- 
centrations are somewhat lower than for the scenarios N1-N6 

following the same trend which was discussed before. The 
highest values found for regime II which are found for rela- 
tively low VOC concentrations do not differ from the values 
found for N1-N6. Decreasing the reactivity of the VOC split 
drastically (El and E2) leads to an increase in the highest 
values of regime II which is expected for the same reasons. The 
decrease in the lowest values of regime I is due to the fact that 
the ozone production in the cases E1 and E2 is very low. 
Therefore the OH production rate via O(•D) is small, and the 
OH losses caused by the (OH + NO2) reactions are much less 
compensated by OH production than in N4. 

The lowest values for regime I are found in scenarios H1 and 
H2 where the nitrate formation rate of the VOC is artificially 
high. Twenty-six percent of the produced RO 2 does not par- 
ticipate in the ozone formation but forms nitrate. Hence they 
also do not produce HO 2 which means a further reduction of 
the amount of peroxy radicals. As explained before, lowering 
the amount of active peroxy radicals without lowering the 
amounts of VOC and NOx leads to a lower indicator value. 
This sensitivity to the nitrate formation rate becomes only 
important for very high nitrate yields. It is not important for 
moderate nitrate yields. This can be seen comparing the sce- 
narios L1 and L2 where the nitrate formation rate is drastically 
lowered compared to the corresponding scenarios N4 and N5 
with normal nitrate formation: only small changes in the indi- 
cator values are found. Combining all box model results, the 
border between regime I and regime II is given by indicator 
values of © = 0.2 _+ 50%. Because the largest deviations from 
0.2 are found for the most extreme (or the less probable) 
emission cases, the uncertainty in © will be considerably 
smaller than 50% for most of the application cases. 

After submitting our paper, Tonnesen and Dennis [2000a] 
published that the border between regime I and regime II 
(called "[03] ridgeline" in their paper) is associated with an 
almost constant percentage of OH reacting with VOC of 82- 
86%. Taking the average value of 84% and estimating that the 
remaining 16% OH reacts completely with NOx leads to a 
value of 0.19 for © which agrees very well with our value of 0.2. 

3.2. Border Between Regime II and Regime III 

Comparing Figure 3b to Figure 3a makes it obvious that the 
border between regime II and regime III is much more difficult 

to determine than the border between regimes I and II. In 
cases where the percentage of alkenes in the VOC split was low 
there was no maximum at all. However, even in cases where a 
maximum exists, it is not of practical importance because close 
to this maximum the changes in the ozone production are very 
small compared to the changes in the VOC concentrations. 
Therefore it is necessary to define an arbitrary border between 
regime II and regime III. Its definition is based on the effect of 
increased VOC on the ozone production. 

Co(Cvoc) - Co(Cvoc0 
O/ = OH OH ß 

ref )(Cvoc,2 Cvoc,1) (kvocsplit/k - 

The term a is a ratio that expresses the changes in ozone due 
to changes in VOC: If the VOC concentration is changed from 
Cvoc.• to Cvoc,2, the ozone concentration changes from 
C03(Cvoc, 0 to C03(Cvoc,2). Because the change in ozone 
depends on the reactivity of the VOC, this effect is taken into 
consideration by using the ratio of the mean k øH rate VOCsplit 

constant of the actual VOC split divided by the mean krøe• I rate 
constant of a reference VOC split. If additional VOC does not 
enhance the ozone values, or if the increase in ozone is small 
enough that a becomes smaller than a threshold value OZlim, the 
corresponding indicator values are attributed to regime III. 
The values in Table 2 are calculated by using OZli m = 0.05 using 
the average rate constant of the base case VOC split as krøe• I 
(4 X 10 -m cm 3 s-•). Therefore those cases are attributed to 
regime III where an increase of the average VOC concentra- 
tion by 20 ppbv VOC (with the average OH reaction rate of 
4 x 10 -m cm 3 s -•) leads to less than 1 ppb increase in the 
ozone. 

The variation of the highest values of regime III, calculated 
using oqi m = 0.05, is small for most of the cases in Table 2, with 
a variety of different initial ozone, humidity, temperature, and 
solar radiation conditions. By changing drastically the VOC 
split the variation of the highest values of regime III increases. 
It is only in the case of very high nitrate formation (H1 and H2) 
that it increases more than a factor of 2. As the VOC mixing 
ratios are varied by a factor of 2 in the successive box model 
runs, the precision of the determined values is limited to this 
factor of 2. Within one data set the overlap of the indicator 
values of regimes II and III is somewhat more pronounced 
than for the border between regimes I and II. On the basis of 
this data an indicator value between 0.01 and 0.03 can be 

proposed for the border between regimes II and III. However, 
lowering the OZli m value by 1 order of magnitude also lowers the 
indicator value at that border by 1 order of magnitude. Also 
increasing oqi m by a factor of 4 leads to an increase of the 
border value of © by about the same factor. Hence the value 
for © is highly dependent on the value of OZli m. In the base case 
N4, for oqi m values between 0.2 and 0.005, © is found to be 
proportional to oqi m. 

4. Comparison to Other Indicators 
In this chapter the results obtained using © are compared to 

results which can be obtained using the former proposed indi- 
cators NOy [Milford et al., 1994], O3/NO• (with NO• = NOy - 
NOx) and H202/I-INO3 [Sillman, 1995]. The aim of this com- 
parison is not to define new threshold values for these indica- 
tors but to investigate the robustness of these indicators to the 
same parameters as investigated for © before. Realistic thresh- 
old values are difficult to investigate in box model studies if 
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deposition is an important loss reaction for the indicator spe- 
cies like it is here for HNO 3. The afternoon values of the NOy 
compounds also depend on the initial Nay concentration in 
the morning which was set to 0 in these box model runs but 
may be different in real cases. 

For comparing the values from this study to those from 
studies of Milford and Sillman, it is important to notice that 
the definitions of the regimes are different. Milford and Sill- 
man distinguished only between two regimes (NOx-limited and 
VOC-limited), classifying parts of regime II to the NOx regime 
and other parts to the VOC regime depending on whether the 
system is more sensitive to NOx or VOC. With two regimes 
one can easily decide whether the reduction of VOC or of NOx 
is more efficient for ozone abatement. However, it has the 
disadvantage that from this classification it is not possible to 
decide whether a reduction, for example, of VOC in a NOx 
regime will provide reduced ozone values or not. 

Milford et al. [1994] found from a numerical study over four 
cities and regions in the United States that afternoon NOy 
values of less than 12 ppb were associated with ozone forma- 
tion which is more sensitive to NOx. Values over 25 ppb were 
associated with ozone formation more sensitive to VOC. NOy 
mainly results from the reactions 

(R11) OH + NO2 --> HNO3 

(R2), (R12) RO2 + NO 

-• (1 - •/)(RO + NO2) + •/RONO2. 

While (Rll) is a typical reaction for a NOx-saturated system, 
the branching ratio •/from (R12) does not depend on the 
regime but only on the structure of RO 2. Especially in the case 
of a high ozone mixing ratio causing a high NO2/NO ratio, 
PAN also becomes an important NOy reservoir. Under those 
conditions, PAN and other acyl peroxy nitrates can reach high 
concentrations because after their thermal decomposition 

(-R14) ROONO2 --> RO2 + NO2, 

most of the RO 2 radicals react again with NO2: 

(R14) RO2 + NO2 --> ROONO2 

and only a small amount undergoes loss reactions such as 

(R2) RO2 + NO -• (HO2 or RO2) 

+ NO2 + oxidized VOC. 

Similar to (Rll), (R14) removes (at least temporarily) odd H 
from the cycle. An important difference to (R11) is the fact 
that the odd H loss reaction (Rll) competes with the reaction 
VOC + OH which propagates the odd H cycle, whereas the 
low NOx regime reactions of RO 2 with HO 2 or other peroxy 
radicals which compete with (R14) remove odd H like (R14). 
Therefore increased PAN formation does not influence the 

system in a way specific for high-NOx regimes. Tonnesen and 
Dennis [2000a] found that the ratio of [O3]/[PAN ] is not cor- 
related to the border between regime I and regime II. 

Further, the concentrations of organic nitrates and PAN are 
not only influenced by the relationship of the concentrations of 
different compounds but also by the absolute amount of re- 
acting species. Thus in a highly polluted area with very high 
VOC concentrations and low NOx/VOC ratios, high amounts 
of NOy can be produced even if the regime is not regime I. 
Figure 5a shows that the isolines of the indicator NOy are not 

at all parallel to the regime border but cross that line. The 
situation is the worst for the highest ozone concentrations. 
Here the high stability of PAN makes PAN the most important 
NOy species. As explained before, the influence of the PAN 
production is not specific for the regime, but also for more 
usual ozone concentrations the isolines of NOy cross the re- 
gime borders. Nevertheless, the indicator Nay often provides 
good results in real cases. This may be due to the fact that the 
most common combinations of NOx and VOC concentrations 
are only one segment of the whole set of theoretically possible 
combinations studied in this box model runs. This fact is illus- 

trated by marking in Figure 5a usual NOx and VOC concen- 
trations for remote, rural, moderately polluted, and heavily 
polluted areas as given by Finlayson-Pitts and Pitts [1986]. If an 
indicator provides an isoline that divides this segment of com- 
mon combinations correctly into an NOx- and a VOC-sensitive 
part, it will provide good results in most of the cases. In the 
case of NOy the isolines 20 and 40 cut the segment more or less 
into the same parts as the border between regime I and regime 
II. Hence, if the combination of NOx and VOC concentrations 
is not different from usual values, the indicator values found by 
Milford et al. [1994] are in reasonable agreement to the results 
of this study. However, the results of this study suggest that the 
indicator NOy may fail for other combinations of NOx and 
VOC. Also, changes in the VOC split lowering or increasing 
the VOC reactivity or the nitrate formation yields influence 
Nay significantly (see Table 2). 

Because an increase of NOx leads to lower 03 and higher 
Nay concentrations in regime I, ratios like o3/mOy or O3/NOz 
(NOz = Nay - NOx) [Sillman, 1995; Sillman et al., 1997] can 
be expected to improve the ability to distinguish between re- 
gimes I and II. However, Figure 5b shows no real improvement 
compared to the indicator Nay, and Table 2 again provides a 
large overlap between the highest value found for regime I and 
the lowest found for regime II. 

The indicator H202/HNO3 [Sillman, 1995] which is strongly 
correlated to the ratio Cvo½/CNox [Stockwell, 1986] mainly 
depends on the two reactions 

(R8) 2 HO2 --> H202 q- 02 

(R11) OH + NO2[ + M] -• HNO3[ q- M]. 

The H202 formation is favored under conditions of NOx con- 
trol, and the HNO 3 formation is favored under conditions of 
NOx saturation. For being a ratio of two typical reaction prod- 
ucts this indicator shifts only slightly by increasing or lowering 
the absolute amount of reacting species in contrast to the 
behavior of indicators like NOy and O3/NOz (see Figure 5c and 
Table 2). For the border between regime I and regime II, a 
value of 0.06 for the indicator H202/HNO 3 is deduced from 
the box model results. The sensitivity to other parameters is 
very similar to that of ©. The largest exceeding values with 
respect to the threshold value of 0.06 for regime I are found for 
low temperatures and low reactivity. In the case of increased 
reactivity the behavior for the indicator H202/HNO 3 is some- 
what more stable than that of ©. As for ©, the largest devia- 
tions for the indicator H202/HNO3 from the values normally 
found for regime I and regime II are found in the case of 
artificially high nitrate formation rates. The values for deter- 
mining the border between regime II and regime III show a 
significantly larger overlap and larger sensitivities than ©. The 
value of 0.06 for the border between regimes I and II and a 
value > 1 for the border between regime II and regime III are 
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Figure 5. The three regimes of ozone formation and the indicator values of (a) NOy, (b) O3/NOz, and (c) 
H202/HNO3 calculated from the box model runs of the base case N4 (thin lines). The bold lines are the 
borders of the three regimes. 

in agreement with the value of 0.4 suggested by Sillman [1995] 
for the border between a regime more sensitive to VOC and 
one more sensitive to NOx. 

Tonnesen and Dennis [2000a] published that for P(H202)/ 
P(HNO3) the ratio of the production of H202 and HNO3, a 
value of 0.06 to 0.07, is strongly associated with the ridgeline of 

Ox production, where Ox was defined as the sum of species that 
act as reservoirs of monatomic oxygen (0 3 q- O(3p) q- O(•D) 
q- NO 2 q- 2 NO 3 q- 3 N205 q- PAN + RNO 3 q- HNO3). Values 
between 0.12 and 0.2 for H202/HNO 3 were found to be asso- 
ciated with the border between regime I and regime II [Ton- 
nesen and Dennis, 2000b]. 
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Figure 5. (continued) 

5. 3-D Model Calculations 

Three-dimensional studies were performed to test the be- 
havior of the indicator t9 under conditions of variable emis- 

sions, transport, and dilution. Two questions should be an- 
swered by these simulations: (1) Is the indicator under these 
conditions still able to distinguish between the different re- 
gimes? (2) Can it be used to develop abatement strategies? 

Three-dimensional model calculations were performed in 
two very different environments: in the highly polluted area of 
Athens and on the less polluted Swiss Plateau. The studies 
were aimed at testing the potential of the indicator (1) to 
distinguish between NOx-limited and not NOx-limited areas 
(that means to identify selectively regime I) and (2) to estimate 
the sensitivity of the ozone production due to changes in the 
VOC emissions (that means to distinguish between regimes II 
and III). 

We tested the indicator by comparing its values to the 
change in the ozone concentrations due to additional emis- 
sions of NOx or VOC. For ozone abatement strategies one will 
be more interested in the effectiveness of emission reductions 

than in the results of increasing the emissions. For an optimum 
test of the robustness of the indicator an emission increase is 

more suitable because it is possible to increase the emissions at 
all locations by the same amount. On the contrary, in the case 
of a reduction of the emissions one would be restricted by the 
fact that very low emissions occurring at some locations of the 
modeling areas cannot be further lowered. 

5.1. Athens 

In the 72 x 72 km modeling area of Athens the urban 
agglomeration of Athens is located in the center and has an 
extension of about 15 x 15 km. The surrounding area includes 
sea, rural, and mountain regions. The model runs were per- 
formed using a 2 x 2 km grid resolution and the model TVM 

[Schayes et al., 1996; Thunis, 1995] with the chemical mecha- 
nism RACM. The simulations were done for September 14, 
1994, a day when many trace gas measurements were per- 
formed in the greater Athens area during the MEDCAPHOT- 
TRACE campaign [Fiorani et al., 1997; Ziomas, 1998]. Sep- 
tember 14, 1994, was characterized by low-pressure gradients 
and clear-sky conditions [Ziomas et al., 1998]. During the 
morning hours, weak northerly winds dominated, which trans- 
ported the pollutants from the city over the sea. During the day 
a thermally induced sea breeze developed which transported 
photochemically active air masses back to the land. The highest 
ozone values are found in the early afternoon at 1400 and 1500 
LT. The base case was simulated using the inventoried emis- 
sions, and the simulation results were in good agreement with 
field measurements [Clappier et al., 1997, 1999]. 

5.1.1. Test case 1: Added NOx emissions. In test case 1 
the emissions of NOx (90% NO and 10% NO2)were increased 
between 0800 and 0900 LT over the whole area by 6 mol km -2 
in the surface grid cells only. The original NOx emissions 
varied at that time between 0 and 1600 mol km -2 h -: with a 

mean value of 40. Together with the additional NOx in each 
surface grid cell, either tracer A or tracer B was emitted, 
depending on the value of the indicator 19 -- VOC, NO: 'ton /to n at 0800 
LT in that grid cell. Tracer A was emitted from those grid cells 
where 19 was below 0.2, and tracer B was emitted from the 
other grid cells, with both tracers being defined as chemically 
inert. The emission rate was 6 mol km -2 h -: and therefore 

identical with the one of the additional emitted NOx. During 
the following hours of the simulation, this tracer study pro- 
vided two important sources of information in the surface layer 
of the model: (1) Tracer A and tracer B provided information 
on the origin of the air parcel. (2) The sum of tracers A and B 
provided information on the amount of NOx that was addi- 
tionally emitted to this air parcel. 
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To account for the amount of tracers in the different grid 
cells of the surface layer, a value Vt .... y is defined as 

C tr, x,y 

= i=l j=l 

where Ctr,x,y is the concentration of the tracer tr (tr is tracer 
A or tracer B) in the surface grid cell xy, T is the number of 
different tracer species (T = 2 in this case), i and j are the 
coordinates in x and y direction, X and Y are the total number 
of surface grid cells in x and y direction, respectively, and N is 
the total number of grid cells in the surface layer of the model. 
Immediately after starting the release of the tracers, Vtr in 
each surface grid cell is 1 for the tracer that is emitted in this 
grid cell and 0 for the other tracer. Dilution occurs by vertical 
mixing and by transport across the borders of the modeling 
area. Later in the day, because Vtr is a relative value, the sum 
of V,• and VB is greater than 1 for grid cells where the air is less 
diluted than the average and below 1 for dilution above the 
average. Surface grid cells with 5;(Vtr) < 0.5 were not con- 
sidered because their air parcels were too far from the loca- 
tions of NOx emissions at 0800 LT, either at higher altitude or 
outside the modeling area. At noon the ozone concentrations 
in test case 1 at the ground level of the modeling area differ 
between -4 and + 9 ppb from those of the base case result. At 
1500 LT (the time of the highest daily ozone concentrations) 
the changes in ozone are in the range between -2 and + 3 ppb. 
The grid cells of the surface layer were classified by their 
amount of ozone change. Table 3 and Figure 6 show these 
classes. Only those grid cells with E(Vtr ) -> 0.5 were consid- 
ered. Table 3 shows for each class the number of cells, the 
number of considered cells (E(Vtr) > 0.5), and the average 
mixing ratio of tracers (corresponding to the additional NOx) 
in the considered grid cells. Grid cells with only minor changes 
in the ozone mixing ratios show the highest dilution (highest 
number of not considered cells and smallest amount of total 

tracer). They correspond to the cells with smallest amount of 
additional NO x. 

The color bars in Figure 6 denote the partitioning of the two 
tracers within each class of cells. At noon those cells with 

ozone decrease contain high amounts of the tracer B and 
therefore originate from grid cells for which the indicator (9 
indicates NO x saturation at 0800 LT. In contrast, the air par- 

Table 3. Test Case 1' Increased NOx Emissions in Athens 

Changes in the 
Ozone Mixing Number of Mean Tracer 

Ratios, Number of Grid Cells Mixing Ratios, 
ppb Grid Cells Considered ppb 

Time: Noon 

-4 to -2 101 101 2.15 
-2 to 0 728 478 1.17 

0 to +2 415 54 0.99 
+2 to +5 43 41 0.94 
+5 to +9 9 9 1.79 

Time: 1500 L T 

-2 to - 1 22 22 0.80 
- 1 to 0 147 103 0.32 
0 to +1 1003 411 0.18 

+1 to +2 110 110 0.25 
+ 2 to + 3 14 14 0.30 
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-4 to -2 

0% 20% 40% 60% 80% 100% 

Tracer 

ß Tracer A (NOx 
limited) 

(0<0.2) 

[] Tracer B (NOx 
saturated) 

({9>0.2) 

A 03 (ppb) 1500 LT 

+2 to +3 

+1 to +2 

0 to +1 

-1 too 

-2 to - 1 

0% 

I I I ß I 

20% 40% 60% 80% 

Tracer 

] 

] 

] 

I 

100% 

ß Tracer A (NOx 
limited) 

(0<0.2) 

[] Tracer B (NOx 
saturated) 

(0>0.2) 

Figure 6. Comparison of the tracer concentrations and the 
changes in the ozone formation at noon and 1500 LT due to 
additional NOx emissions in test case 1 (Athens). Only grid 
cells with 5;Vtr > 0.5 are considered. 

cels with the largest ozone increases contain nearly no tracer B 
but high amounts of A. In the following hours, transport and 
mixing lower the contrast between the different air parcels, but 
nevertheless also at 1500 LT (the time of the highest daily 
ozone concentrations) the grid cells with ozone decrease con- 
tain about 80% of tracer B, whereas the grid cells wi, th an 
increase of more than 2 ppb of ozone contain nearly 80% of 
tracer A. 

Figure 7 shows the noon and afternoon values of the indi- 
cators H202/HNO3 and O3/NOz found in the grid cells with 
5;(Vtr) --> 0.5 and classified according to the changes in the 
ozone concentrations. The calculations were done estimating a 
concentration of 0 as initial value for all NOz species. The 
threshold value of 0.06 found for the indicator H202/HNO 3 in 
the box model studies is reproduced by this 3-D study: At 1500 
LT all grid cells where ozone values are increased by at least 1 
ppb, compared to the base case, have indicator values higher 
than 0.06. All grid cells with ozone values decreased by at least 
1 ppb have indicator values lower than 0.06. The noon and 
afternoon values of O3/NO z also show a good correlation to 
the ozone changes suggesting a threshold value somewhere 
between 10 and 14. Both of these threshold values may shift if 
the initial NO z concentration is different from 0. 

5.1.2. Test case 2: Added VOC emissions. Between 0800 

and 0900 LT the mean value of VOC emissions over the whole 

modeling domain was 60 mol km -2. For test case 2 the same 
amount of 60 mol km -2 VOC emissions was additionally emit- 
ted between 0800 and 0900 LT from each surface grid cell. At 
the same time, four tracers were emitted according to the 
values of (9 at 0800 LT at each grid cell: tracer E for (9 < 0.01, 
tracer F for 0.01 < (9 < 0.033, tracer G for 0.033 < (9 < 0.1, 
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and tracer H for © > 0.1. The emission rate of the tracers was 

the same as for the sum of the additional emitted VOC. 

As in test case 1, the grid cells of the surface layer were 
classified by their amount of ozone change. Table 4 and Figure 
8 show these classes. Here again, surface grid cells with 
Z(Vtr) < 0.5 were not considered for the evaluation because 
their air parcels were too far from the locations of the addi- 
tional VOC emissions at 0800 LT. Table 4 shows for each class 

the number of cells, the number of considered cells (Z (Vtr) -> 
0.5), and the average mixing ratio of tracers (corresponding to 
the additional VOC) in the considered grid cells. As shown in 
Figure 8 at noon, small amounts of tracer H (© > 0.1) are 
found in grid cells with lowered ozone mixing ratios, whereas 
percentages of more than 70% of tracer H are found in all grid 
cells in which the ozone mixing ratios increase by more than 2 
ppb. On the other hand, tracer E (corresponding to morning 
values of © < 0.01) is the prevailing tracer in the grid cells with 
lowered ozone, and only very small amounts of tracer E are 
found in grid cells with an ozone increase of more than 2 ppb. 
In the following hours, transport and mixing lower the contrast 
between the different air parcels. Nevertheless, at 1500 LT, the 
surface grid cells with ozone decrease contain about two thirds 
of tracer E, whereas the grid cells with an ozone increase 
contain about two thirds of tracer H with the highest percent- 
ages of H in the grid cells with largest ozone increase. 

5.2. Swiss Plateau 

The 180 x 380 km modeling area includes most of the Swiss 
Plateau and some small parts of Germany, Austria, France, 
and Italy. The largest city with about 1 million inhabitants, 
Zuerich, is located in the center of the modeling area. The 
model region includes remote, rural, and urban areas. The 
model runs were performed using a 5 x 5 km horizontal grid 
resolution and the model METPHOMOD [Perego, 1999] with 
the chemical mechanism RACM. As the base case, July 29, 
1993, was simulated using the inventoried emissions. On that 
day the synoptic weather in Switzerland was dominated by 
westerly winds (average wind speed of about 7 m s -•) which 
brought relatively clean air masses from the Atlantic Ocean 
into the modeling domain. Modeling results and field measure- 
ments were in good agreement [Perego, 1999; Junier, 1998]. 

5.2.1. Test case 3: Added NOx emissions. Between 0800 
and 0900 LT the mean value of NOx emissions over the whole 

Table 4. Test Case 2: Increased VOC Emissions in Athens 

Changes in the 
Ozone Mixing Number of Mean Tracer 

Ratios, Number of Grid Cells Mixing Ratios, 
ppb Grid Cells Considered ppb 

Time: Noon 

-2 to 0 210 35 10.5 

0 to +2 295 25 7.7 
+2 to +5 237 123 5.6 
+5 to +10 252 252 9.9 
+10 to +20 253 253 16.5 

+ 20 to + 28 49 49 23.6 

Time: 1500 L T 

-1 to 0 312 66 1.16 
0 to +2 704 365 1.42 
+ 2 to +5 192 192 2.70 
+5 to +10 52 52 4.21 
+ 10 to +20 30 30 7.57 
+ 20 to + 22 6 6 9.22 

AO3 (ppb) 

+20 to +28 

+ 10 to +20 

+5 to +10 

+2 to +5 

0 to +2 

-2 to 0 

0% 20% 40% 60% 80% 100% 

Tracer 

ß Tracer E 

O < 0.01 

[] Tracer F 

0.01 < O < 0.03 

[] Tracer G 

0.03<0<0.1 

[] Tracer H 

O>0.1 

AO3 (ppb) 1500 LT 

+20 to +22 

+ 10 to +20 

+5 to +10 

+2 to +5 

0 to +2 

-2 to 0 

0% 20% 40% 60% 80% 100% 

Tracer 

[] Tracer E 

O < 0.01 

[] Tracer F 

0.01 < 0 < 0.03 

[] Tracer G 

0.03 < 0 < 0.1 

[] Tracer H 

O>0.1 

Figure 8. Comparison of the tracer concentrations and the 
changes in the ozone formation at noon and 1500 LT due to 
additional VOC emissions in the morning in test case 2 (Ath- 
ens). Only grid cells with • Vtr -> 0.5 are considered. 

model domain was 6 mol km -2. For the test case in the first 2 

min after 0800 LT, the same amount of 6 mol km -2 NOx 
emissions was additionally emitted from each surface grid cell. 
At the same time, two tracers are emitted according to the 
values of © at 0800 LT at each grid cell: tracer A for © < 0.2 
and tracer B for © > 0.2. The emission rate of the tracers was 

the same as for the sum of the additional emitted NOx. 
As in the Athens case, the grid cells of the surface layer were 

classified by their amount of ozone change. Table 5 and Figure 
9 show these classes. Here as well, the surface grid cells with 
•(Vtr) < 0.5 were not considered. Table 5 shows for each 

Table 5. Test Case 3: Increased NOx Emissions on the 
Swiss Plateau 

Changes in the 
Ozone Mixing Number of Mean Tracer 

Ratios, Number of Grid Cells Mixing Ratios, 
ppb Grid Cells Considered ppb 

Time: Noon 

-4 to -1 141 140 1.00 
- 1 to 0 720 511 0.47 
0 to + 2 1780 678 0.27 
+ 2 to +5 400 375 0.32 

+ 5 to + 8 9 9 1.28 

Time: 1500 L T 

-1.2 to 0 372 61 0.21 
0 to +2 2303 1470 0.14 

+2 to +5 479 478 0.17 
+5 to +10.5 3 3 1.13 
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Figure 9. Comparison of the tracer concentrations and the 
changes in the ozone formation at noon and 1500 LT due to 
additional NOx emissions in the morning in test case 3 (Swiss 
Plateau). Only grid cells with 5; Vtr • 0.5 are considered. 

5.2.2. Test case 4: Added VOC emissions. Between 0800 

and 0900 LT the mean value of VOC emissions over the whole 

modeling domain was 10 mol km -2. For the test case in the 
first 2 min after 0800 LT, the same amount of 10 mol km -2 
VOC emissions was additionally emitted from each grid cell 
leading to an increase of the VOC mixing ratios in the lowest 
layer of about 2-3 ppbv. At the same time, four tracers were 
emitted according to the values of © at 0800 LT at each grid 
cell: tracer E for © < 0.01, tracer F for 0.01 < © < 0.033, 
tracer G for 0.033 < © < 0.1, and tracer H for © > 0.1. The 
emission rate of the tracers was the same as for the sum of the 

additional emitted VOC. 

As in the Athens case, the grid cells of the surface layer were 
classified by their amount of ozone change. Table 6 and Figure 
10 show these classes, without considering the surface grid cells 
with E(Vtr) < 0.5. Table 6 shows for each class the number 
of cells, the number of considered cells (E(Vtr) • 0.5), and 
the average mixing ratio of tracers (corresponding to the ad- 
ditional VOC) in the considered grid cells. As shown in Figure 
10, the changes in the ozone values due to the additional VOC 
are much less pronounced than in the Athens case. At noon 
the largest ozone decrease is 0.6 ppb, and the largest increase 
is 5 ppb. At 1500 LT the changes are between -1 and + 3 ppb 
ozone. Considerable amounts of tracers E (corresponding to 
morning values of © < 0.01) are only found in areas with 
slightly decreased ozone, whereas increasing percentages of 
tracer H (19 > 0.1) are associated with enhanced ozone in- 
crease. 

class the number of cells, the number of considered cells 
(E(Vtr) >-- 0.5), and the average mixing ratio of tracers (cor- 
responding to the additional NOx) in the considered grid cells. 
At noon, ozone reductions of up to 3.5 ppb and ozone in- 
creases of up to 8 ppb result from the additional emitted NOx. 
Grid cells with ozone reduction contain more than 85% tracer 

B (which represents NO x saturation at 0800 LT), whereas grid 
cells with ozone increases of more than 2 ppb contain more 
than 85% tracer A (which represents NOx limitation at 0800 
LT). At 1500 LT, grid cells with decreased ozone contain still 
more than 80% tracer B, and grid cells with an ozone increase 
of more than 5 ppb contain nearly only tracer A. For grid cells 
with an ozone increase between 2 and 5 ppb the percentage of 
tracer B is considerably increased compared to noon. 

6. Discussion 

The box model study shows that the new indicator 19 - 
VOC•NOx *oi-i /roi-i is robust against most parameters besides the re- 

AO3 (ppb) 
noon, 

> +4 

+2 to +4 

+1 to +2 

0to +1 

<0 

0% 

l•gg•g////////• I 

I I I I 

20% 40% 60% 80% 100% 

Tracer 

ß Tracer E 

O < 

m Tracer F 

0.01 < O < 0.03 

[] Tracer G 
0.03 < O < 0.1 

[] Tracer H 

Table 6. Test Case 4: Increased VOC Emissions on the 

Swiss Plateau 

Changes in the 
Ozone Mixing Number of Mean Tracer 

Ratios, Number of Grid Cells Mixing Ratios, 
ppb Grid Cells Considered ppb 

Time: Noon 

Less than 0 830 148 0.47 
0 to +1 1536 904 0.57 

+1 to +2 264 264 1.15 
+2 to +4 101 101 2.00 

More than 4 5 5 3.34 

Time: 1500 L T 

Less than 0 969 344 0.19 
0 to + 1 1727 1205 0.27 

+1 to +2 38 38 0.55 
+2 to +4 2 2 1.12 

AO3 (ppb) 
1500 LT 

+2 to +4 

+1 to +2 

0to +1 

<0 

0% 

I I I I 

20% 40% 60% 80% 

Tracer 
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100% 

ß Tracer E 

O < 0.01 

:[] Tracer F 

0.01 < O < 0.03 

[] Tracer G 
0.03 < O < 0.1 

[] Tracer H 

O>0.1 

Figure 10. Comparison of the tracer concentrations and the 
changes in the ozone formation at noon and 1500 LT due to 
additional VOC emissions in the morning in test case 4 (Swiss 
Plateau). Only grid cells with 5;Vtr >-- 0.5 are considered. 
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gime. It is more robust than the indicators NOy and O3/NOz 
and of comparable robustness as the indicator H202/HNO3. 
Only very high nitrate production rates influence t9 severely. 
The amount of nitrate formation is the highest for large al- 
kanes which are mainly emitted from diesel motors. Because 
the burning of diesel fuel also produces smaller alkanes and 
because its use is normally accompanied by gasoline consump- 
tion where the amount of emitted large alkanes is much 
smaller than from diesel fuel, that extreme case calculated in 
H1 and H2 will not exist in the real atmosphere. Therefore the 
real shift of 19 due to nitrate formation is much smaller than in 

these box model cases. Note that there is no significant differ- 
ence between the 19 values obtained using the normal VOC 
split (N1-N6) and using the VOC split with strongly decreased 
nitrate formation (L1 and L2). 

The 3-D simulations with increased NOx emissions for Ath- 
ens and the Swiss Plateau confirm the findings of the box 
model runs. The threshold value between regimes I and II is 
about 0.2. This shows that even if transport and dilution effects 
are taken into consideration, there is a strong correlation be- 
tween the indicator value of an air parcel in the morning and 
the impact of changed morning NOx emissions on the after- 
noon ozone concentrations. Thus measuring 19 values will give 
important information concerning at which locations addi- 
tional NOx emissions would have the lowest adverse impact on 
the air quality or at which place NOx reduction would be most 
effective. This information cannot be directly provided by the 
earlier proposed indicators. Nevertheless, especially the indi- 
cator H202/HNO3 provides also good results in this study, and 
the application of 19 in combination with an integrating indi- 
cator like H202/HNO3 may lead to a very comprehensive un- 
derstanding of the ozone formation at a given place. 

The 3-D simulation runs for the Swiss Plateau show that 

tracer H which represents morning 19 values >0.1 is mainly 
associated with surface grid cells with significantly increased 
ozone values. The tracer E representing morning 19 values 
<0.01 is mainly found in grid cells with small ozone reductions. 
According to the box model runs, indicator values >0.01 
should be associated with increased ozone. Therefore the large 
amounts of tracers F and G (representing morning 19 values 
between 0.01 and 0.1) in surface grid cells with small ozone 
reductions on the Swiss Plateau seem to be a contradiction. 

However, with (1) and a ACvo c which is equal to a tracer 
concentration of 3 ppb it can be estimated that for an indicator 
value of 0.01 only 0.15 ppb ozone should be additionally pro- 
duced. To produce more than 1 ppb additional ozone, the 
indicator value or the added VOC emissions should be about 

10 times higher. In the Athens case where more additional 
VOC was emitted, the percentages of tracers F and G were 
higher in surface grid cells with increased ozone and lower in 
the grid cells with lowered ozone values. Therefore there is no 
disagreement between the box model study and the 3-D sim- 
ulation concerning the threshold value of 19 for distinguishing 
regimes II and III. 

7. Conclusions 

19 = r•C/•oi• x is proposed as a new indicator for distin- 
guishing between NOx- and VOC-controlled ozone produc- 
tion. This indicator can be obtained by a combination of stan- 
dard methods and a new pump and probe method. In contrast 
to other earlier proposed indicators, 19 is not based on long- 
lived species and therefore allows finding the instantaneous 

regime of an air parcel. Compared to the indicator NOy and 
O3/NOz, the new indicator is less sensitive to the investigated 
parameters (e.g., photolysis, VOC reactivity, etc.). Its robust- 
ness is comparable to that of the indicator H202/HNO3; both 
indicators have the largest problems if the nitrate formation is 
drastically increased which can be caused by very high percent- 
ages of large alkanes in the emissions. 19 values larger than 0.2 
are associated with NOx saturation, whereas indicator values 
below 0.01 represent air masses nearly insensitive to VOC. 

Three-dimensional simulations with additional NOx emis- 
sions revealed that the morning values of 19 and the changes in 
the ozone concentrations several hours after measuring 19 and 
releasing the additional emission are highly correlated. Also, in 
the case of additional emitted VOC emissions there is a good 
correlation between 19 and the changes in the ozone. For the 
development of abatement strategies it is important that the 
value of the indicator 19 enables a forecast, in which way the 
ozone concentrations several hours later are influenced by 
increasing or decreasing the emissions. 
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