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Abstract. The O3-NOy relation for a polluted planetary boundary layer is investigated 
using numerical simulations and observations. Box model runs are carried out to study the 
sensitivity of the transition value of NOy, which separates the low-NO x and the high-NO x 
regimes, to changes in emissions and in ambient conditions. It is shown that the transition 
value of NO v depends on the hydrocarbon and NO x emissions, on water vapor, on 
radiation, and on temperature. Increasing hydrocarbon emissions, increasing water vapor, 
increasing radiation, or increasing temperature shifts the transition value to higher levels. 
One-dimensional simulations, which include vertical mixing and dry deposition, show that 
increasing dry deposition reduces the transition value of NOy. Sensitivity studies with a 
three-dimensional nonhydrostatic model system are carried out to investigate the effects of 
transport. A smoothing procedure is applied to reduce the large scatter of the O3-NOy 
relation which is found in these cases. After smoothing, a transition value can be 
identified. For the southwestern part of Germany it is shown that this transition value 
indicates areas where NOx reduction leads to the most effective ozone reduction. Runs 
with various scenarios show the dependence of the transition value on emissions and 
ambient conditions. A normalization procedure is introduced. The normalization 
procedure is applied to the model results and to observations. Under high-NO x conditions 
a large difference between the cases with and without advection is found. It shows that in 
the three-dimensional case the ozone concentration is less sensitive to changes in the NO x 
emissions than in the case of pure chemistry. 

1. Introduction 

High ozone values during the summer months are still the 
main air pollution problem in industrialized areas with high 
population density. Ozone formation in the troposphere shows 
a nonlinear dependence on the availability of the precursors 
nitrogen oxides (NOx - NO + NO2) and volatile organic 
compounds (VOCs). In the real atmosphere, physical pro- 
cesses such as advection, turbulent diffusion, and dry deposi- 
tion make the situation even more complex [McKeen et al., 
1991a]. Temperature, humidity, and radiation, the latter de- 
termining the photolysis rate coefficient, have a direct influ- 
ence on ozone chemistry [Cardelino and Chameides, 1990; Sill- 
man and Samson, 1995; Vogel et al., 1995]. Anthropogenic and 
biogenic emissions of the precursors of ozone vary in space and 
time. For these reasons, simply using the ratio of the emissions 
of NOx and VOCs is not sufficient when studying the sensitivity 
of ozone production [Sillman, 1995a]. 

Much progress has been made during the last decades in 
understanding the basic physical and chemical processes which 
lead to enhanced ozone concentrations. However, the nonlin- 
earity of photochemistry raises a number of difficulties. There- 
fore the problem of deriving effective abatement strategies is 
still unsolved [National Research Council (NRC), 1991]. 

Milford et al. [1994] have proposed NOy (NOy = NO + NO 2 
+ HNO 3 + PAN + ... ) as an indicator to identify areas which 
would benefit from reduction of NOx emissions and areas 
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where a reduction of VOC emissions leads to decreasing ozone 
concentrations. For this purpose, transition values for NOy 
were calculated using the results of different numerical mod- 
els. Milford et al. [1994] found a substantial uncertainty in the 
transition value of NOy (10 to 25 ppb). Sillman [1995b] intro- 
duced additional indicators such as H202 and HNO3. Later on, 
the concept of indicators was applied with different numerical 
models. Staffelbach and Neftel [1997] used a trajectory model 
to study the photochemical oxidant production over southern 
Switzerland. They compared their modeled concentrations of 
the indicators with observations [Staffelbach et al., 1997] and 
used the transition values of Sillman [1995b] (20 ppb in the 
case of NOy) to define whether the ozone formation is NOx 
sensitive or whether it is VOC sensitive. Vogel et al. [1996a] 
studied the NOx sensitivity of the ozone formation in the area 
of Baden-Wiirttemberg, Germany. They used the comprehen- 
sive three-dimensional model system KAMM/DRAIS [Vogel et 
al., 1995] and observations which were carried out during the 
Transport of Pollutants Over Complex Terrain (TRACT) cam- 
paign [Zimmermann, 1995]. A transition value for NOy (10 
ppb) was found that differs from Sillman's [1995b] value. An- 
dreani-Aksoyoglu and Keller [1997] looked for transition values 
of indicators for the area of Switzerland. They applied the 
Urban Airshed Model [Morris and Myers, 1990] and found that 
the transition values of the indicators depend on the wind 
conditions. Lu and Chang [1997] used the SARMAP air quality 
model to test the indicator approach for the San Joacquin 
Valley, California. From the fact that the transition values for 
the indicators are different from those of Sillman [1995b], they 
argued that local observed transition values of the indicators 
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Table 1. New Rate Constants Used for PAN Chemistry 

Reaction Reaction Rate (298.15 K) 

ACO3 + NO 2 • PAN 
PAN-• ACO3 + NO 2 
ACO3 + NO--• CH302 + NO 2 

1.37 x 104 ppb- • min- • 
2.60 x 10- 2 min- • 

3.54 x 104 ppm- • min- • 

can only be applied to assess ozone sensitivities if appropriate 
criteria have been derived for the local conditions. 

This study focuses on the indicator NO v . The sensitivity of 
the transition value of NO v to variations in emissions, temper- 
ature, humidity, and radiation is studied using a box model 
version of Regional Acid Deposition Model (RADM2) [Stock- 
well et al., 1990]. In a second step the influence of vertical 
mixing and deposition on the relation of ozone and NO v is 
investigated by evaluating the results of one-dimensional sim- 
ulations. Finally, the transport process of advection is also 
taken into account. For this purpose, the results of three- 
dimensional (3-D) simulations and observations are used. To 
make the individual results of the box model, one-dimensional, 
and three-dimensional simulations and observations compara- 
ble, a normalization procedure is introduced. The investigation 
is mostly restricted to 03 in the polluted planetary boundary 
layer. 

2. High- and Low-NOx Chemistry 
The first concepts for reduction of tropospheric ozone in the 

planetary boundary layer were based on sensitivity analysis of 
numerical trajectory models by variation of the emissions of 
NOx and VOCs for daily ozone maxima. The radical budget 
was investigated, for example, by examining the sources and 
sinks of odd hydrogen radicals [Kleinman, 1986; Sillman, 1991], 
yielding the definition of high- NOx when the termination of 
the radical chain reaction is dominated by 

(R1) NO2 + OH -• HNO3, 

(R2) NO: + CH3CO3 -• PAN 

and low NOx when the termination is dominated by 

(R3) 2HO2 --> H202, 

(R4) HO2 + RO2 -• ROOH 

and the transition regime when (R1)-(R4) are equally impor- 
tant (ROe are organic peroxy radicals, and ROOH are organic 
peroxides). The 1ow-NO• case is related to increasing ozone as 
NOx increases and shows almost insensitivity toward organic 
compounds. The high-NOx case is associated with decreasing 
ozone as NOx increases and increasing ozone as organic com- 
pounds increase [Sillman et al., 1990; Silhnan, 1995b]. 

A further approach was published by Kleinman [1991, 1994]. 
He bases his criterion on the relative magnitudes of the rate of 
radical production (S) and the emission rate of NO x (ENo•.). 
He found S > ENO x for low-NO• conditions and S < ENo x 
for high-NO x conditions. In the low NO• state the emitted NOx 
is removed quickly because there is an excess of free radicals. 
In the high-NOx state the oxidation capacity is not sufficient to 
remove all NOx, and the concentration of NOx will increase if 
no other removal processes (like deposition) exist. It should be 
mentioned that in this definition there is not a direct relation 

to the ozone production. 

Zimmermann and Poppe [1993] also investigated the bifur- 
cation of photochemistry controlled by the strength of the 
source of NO. They used a simplified reaction system which 
concentrates on generic aspects of the coupling of HOx and 
NOx and found an analytic expression for the transition from 
one state to the other which is in accordance with Kleinman's 

result. In the following, the O3-NOy relationship considering 
high- and low-NOx chemistry is investigated. 

3. Sensitivity Studies With a Box Model 
As a first step, box model runs with RADM2 [Stockwell et al., 

1990] are carried out to study both the basic O3-NOy relation 
which is given by chemical reactions and the sensitivity of the 
transition value of NOy. Considering the results of the box 
model simulations, the influence of transport and deposition 
processes and effects, which are caused by the spatial and 
temporal variation of the biogenic and anthropogenic emis- 
sions, are excluded. The equation, which governs the develop- 
ment of the concentration c• of species i with respect to time, 
is therefore 

OCt 

where Pi is the chemical production, L l is the chemical loss, 
and E i is the emission of species i. The RADM2 mechanism 
takes into account 158 reactions of 63 different species. Up- 
dates of the original RADM2 chemistry were made concerning 
the rate constants of the PAN chemistry [Stockwell and Kley, 
1994]. The new rate constants are given in Table 1. The initial 
concentrations were chosen to be those of the PLUME1 case 

of a chemical model intercomparison [Kuhn et al., 1998]. The 
PLUME1 case was designed to represent the chemistry in the 
moderately polluted air of the planetary boundary layer. Di- 
urnal cycles of the photolysis rate coefficients typical for cen- 
tral European summer conditions are prescribed. Table 2 gives 
the initial concentrations and the ambient conditions. Emis- 

sions are included which are representative for European air. 
Their source strengths are kept constant with time. The simu- 
lations are started at noon. Details of the prescribed photolysis 
rate coefficients and the emissions are given by Kuhn et al. 
[1998]. 

The RADM2 chemistry conserves total nitrogen. Since no 
deposition and no other sink of N0•, are included in the box 

Table 2. Initial Concentrations and Ambient Conditions 

for the Box Model Runs 

Dimension Value 

T [K] 288.15 
p [hPa] 1013.25 
N [cm-3] 2.55 x 10 I'• 
H20 [% v/v] 1 
03 [ppb] 50 
NO [ppb] 0.2 
NO2 [ppb] 0.5 
HNO3 [ppb] 0.1 
CO [ppb] 200 
CH 4 [ppb] 1700 
Isoprene [ppb] 0 
H202 [ppb] 2 
HCHO [ppb] 1 
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model, the concentration of NO v as a function of time is given 
by 

l NOv(t) = NOv(O) + fENo dt' (2) 

E NO is the emission rate of nitrogen oxide, and f is a constant 
factor and is equal to one for the base case run. Table 3 gives 
the emissions of the base case run. 

The simulations are repeated with different values off (f = 
0.01, 0.1, 0.5, 1, 2, 2.25, 2.5, 2.75, 3, 3.25, 3.5, 3.75, 4, 
5, 6, 7, 8, 10) to simulate different VOC/NOx ratios. Figure 
1 shows the temporal development of the ozone concentration 
forf: 1, f = 2.5, f = 5, andf = 7. Starting with the base 
case run, the ozone concentration increases whenf = 2.5; that 
is, when more NO is emitted. At f = 5 the ozone concentra- 
tion is lower than in the base case run, and it even decreases 
from day to day when f = 7. This behavior is well known, and 
it demonstrates the nonlinearity of photochemistry. For a fur- 
ther evaluation the following procedure is applied to reduce 
the data. The maximum ozone concentration for each of the 

simulated days and emission scenarios is plotted versus the 
corresponding NOy concentration. 

The results of this procedure are shown in Figure 2. For each 
day starting with low NOy the ozone concentration increases 
with increasing NO emissions. This holds up to a certain value 
of NOy which shall be defined as the transition value NOyt with 
its corresponding ozone concentration O3t. If the emissions 
are increased further, the maximum ozone concentration de- 
creases again. For a specific day it is obvious that a reduction 
of NO emissions leads to decreasing ozone concentrations if 
the NOy concentration is below the transition value and the 
contrary behavior if it is beyond the transition value. When 
NOy is below the transition value, we call it low-NOx condi- 
tions, and when NOy is above the transition value, we call it 
high-NO x conditions. Since the transition value differs from 
day to day, it is clear that no universal transition value of NOy 
exists. 

The following sensitivity studies will concentrate on the re- 
sults for day 2. On this day the maximum ozone levels are 
comparable to those which are usually observed over central 
Europe. For day 2 a transition value of about 26 ppb (O3t : 
135 ppb) is determined. 

Table 3. Emissions for the Base Case Run (Box Model) 

Chemical Model Emissions, 
Species Formula Representation ppb/min 

Sulfur dioxide SO2 SO2 5.20 X 10 -4 
Nitrogen oxide NO NO 2.60 X 10 -3 
Carbon monoxide CO CO 5.70 X 10 -3 

Acetaldehyde CnH2n + • CHO ALD 3.60 X 10 -5 
Formaldehyde HCHO HCHO 1.40 X 10 -4 
C3-C5 alkane C3H8, C4H10 HC3 2.80 X 10 -3 
C6-C8 alkane C7H]6 HC5 7.90 X 10 --4 
Other alkanes CnH2• +• HC8 4.70 X 10 -4 

(n -> 10) 
Ethane C2H 6 ETH 2.40 X 10 -4 
Ethene C2H 4 OL2 4.60 X 10 -4 
Terminal alkenes C3H 6 OLT 2.30 X 10 -4 
Internal alkenes C4H 8 OLI 1.80 x 10 -4 
Toluene C6HsCH 3 TOL 6.60 X 10 -4 
Xylene C6H4(CH3) 2 XYL 5.20 x 10 -4 
Ketones CH3COCH 3 KET 4.40 X 10 -4 

250 
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Figure 1. Diurnal cycles of ozone for different NO emission 
rates. The simulations are started at noon. 

In order to study the chemistry in more detail, Figure 3 
shows the results for some other species. Although Figure 3 
gives only the results of day 2, the principle behavior on the 
other days is quite similar. 

When NOy is low, that is, at low NO emissions, the oxidizing 
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Figure 2. Maximum ozone concentration at different NOy 
levels for different days. 



3608 VOGEL ET AL.' FINDINGS ON NOv AS AN INDICATOR FOR OZONE SENSITIVITY 

NOx OH+HO•+ACO• 

0-- ,, I I 
o • lffi 

NO•inppb 

_ 

NO• in ppb 

100 

PAN HNO• 

o 

o 

I t I i 

5O 

NO• in ppb 

100 

i i 

._c 12- • 

0 5O 

NO•, in ppb 

100 

H202 Alkanes 

c4 0- 

o 

i 

'.../ 

0 - 0 t I , I [ • T-• 'r ---- 
o lOO o 50 lOO 

NO• in ppb 

Figure 3. Concentrations of several species at different levels of NO•, for day 2. 

potential of the system is high. In this case, nitrogen oxides are 
quickly removed from the atmosphere and are transformed to 
other nitrogen species. This results in low concentrations of 
nitrogen oxides. When NOy is above 35 ppb, the system becomes 
saturated with nitrogen oxides, and the supply of radicals declines. 
The concentration of nitrogen oxides increases linearly with 
NOy. At this particular value (NOy = 35 ppb) the Kleinman 
criteria holds; that is, S -- ENo•c. It is obvious that this value 
is higher than the transition value according to our definition. 

The concentrations of OH, HO2, and the acetyl peroxy rad- 
ical (ACO3) are summed to show the behavior of the main 
radicals at different levels of NOy. As mentioned before, there 
is a high amount of radicals at low NOy, that is, when the 
emissions of nitrogen oxides are low. At the same point where 
the nitrogen oxides start to increase linearly with NOy there is 
a sharp decrease in the concentration of radicals. When the 
concentration of radicals tends to zero, the NO•c-HOx cycles 
are decoupled. 

PAN, which is formed from NO2 and the acetyl peroxy 
radical, shows a similar behavior to ozone. It reaches its max- 
imum when acetyl peroxy radicals are still abundant and NO 2 
has a rather high level. At high NO concentrations the acetyl 
peroxy radical rcacts with NO instead of NO 2. Moreover, the 
supply of acetyl peroxy radical declines. The production of 
PAN therefore becomes less cffective. 

The production of HNO.•, which is an important component 
of NOy, depends on the concentrations of OH and NO 2. 
Therefore HNO3 increases with increasing NO emissions (i.e., 
with increasing NO v). For NOy above 35 ppb, HNO_• decreases 
again (although NO2 increases) because of the decaying supply 
of OH radicals. 

H202 is produced by the reaction of two HO 2 radicals. This 
reaction is very efficient as long as the concentration of nitro- 
gen oxides is low. At low emission rates of NO (i.e., low NOy), 
high concentrations of H20 • are found. 

The alkanes show a local minimum when ozone reaches its 
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maximum. At this point the reactions with the OH radical are 
very efficient, and therefore the alkanes reach their minimum. 
A similar behavior is found for the alkenes and the aromatics. 

Figure 2 shows already that no single transition value for 
NO v exists. It is therefore worthwhile to study in which way the 
transition value shifts when the VOC emissions are changing 
and in which way the transition value is modified by the am- 
bient conditions such as radiation, temperature, and humidity. 

3.1. Variation of the VOC Emissions 

The box model runs with different NO emissions are re- 

peated, but now the emissions of all VOC components are 
multiplied by a factor of 2. Figure 4a shows the results for these 
simulations together with those of the base case runs. In cases 
of low NOy concentrations the ozone concentrations are some- 
what lower than in the base case run. This is caused by the 
reactions of alkenes with ozone. At higher NOy concentrations 
the production of HOx radicals is enhanced by the higher VOC 
emissions. The accumulation of NOx, which hinders the ozone 
production, is therefore shifted to higher levels of NOy. As a 
consequence, higher ozone concentrations are reached. In ad- 
dition, the transition value of NO v shifts to higher concentra- 
tions (39 ppb instead of 26 ppb), and O3t reaches 167 ppb. 

3.2. Variation of the Photolysis Rate Coefficient 

Two series of box model runs are carried out to study the 
influence of the photolysis rate coefficients on the transition 
value of NOy. In case J1 all photolysis rate coefficients in- 
volved in RADM2 chemistry were reduced by 50%. For case J2 
the photolysis rate coefficients are scaled according to a 10% 
change of the total ozone column (from 350 Dobson units 
(DU) to 315 DU). The motivation for this calculation is that 
photosmog episodes are usually accompanied by clear-sky con- 
ditions. During such conditions, changes of the total ozone 
column have the largest influence on the photolysis rate coef- 
ficients. A typical day to day change of the total ozone column 
during summer is of the order of 10% in central Europe [Deut- 
scher Wetterdienst (DWD), 1992]. Table 4 shows the percentage 
increase of the photolysis rate coefficients caused by the 10% 
decrease of the total ozone column. Figure 4b shows the results 
of the base case run and the cases with the changed photolysis 
rate coefficients. Since all photolysis rate coefficients are re- 
duced in case J1, the peak ozone concentration is lower than in 
the base case. The transition value for NOy is now 17 ppb 
(03, = 97 ppb). It was found that in the low-NO x regime the 
reduction of the ozone concentration is mainly caused by the 
changes in the photolysis of NO 2. At higher values of NOy, 
especially those photolysis reactions which are producing rad- 
icals are important. In case J2 the short wave photolysis rate 
coefficients are changed. The long wave photolysis rate coef- 
ficients are only slightly modified, and the photolysis of NO 2 is 
lotally unchanged. In particular, the effect of the reaction 03 + 
h v --> 0 2 + O (•D) becomes important (see Table 4), which 
is first a sink for ozone, but also a source of radicals. In the 
low-NOx regime where we have a surplus of radicals the in- 
creasing photolysis of 03 results in somewhat lower ozone 
concentrations. When the NO emissions are high, the en- 
hanced production of radicals becomes important, and more 
ozone is formed. Compared to the base case run, the transition 
value of NOy shifts to a higher value in case J2 (28 ppb); 
however, the peak ozone concentration is only slightly 
changed. 
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Figure 4. Maximum ozone concentrations at different levels 
of NOy for (a) standard and doubled VOC emission rates, (b) 
different photolysis rate coefficients, (c) different temperature 
levels, and (d) different water vapor contents. 
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3.3. Variation of the Temperature 

Observations show that temperature and ozone concentra- 
tions are strongly correlated [Kuntasal and Chang, 1987; Vogel, 
1996]. Temperature has an impact on the ozone concentration 
for several reasons [Cardelino and Chameides, 1990; Vogel et 
al., 1995; Sillman and Samson, 1995]. First, the biogenic VOC 
emissions depend on temperature in a nonlinear way [Tingey, 
1981]. Second, the chemical reactions are temperature depen- 
dent. Third, the anthropogenic emissions are correlated with 
temperature, although this effect is small. Fourth, temperature 
is an integral measure of the state of the atmosphere. High 
temperatures are often connected to anticyclonic conditions, 
situations of low wind speeds, clear skies, and stagnant air 
masses. 

In order to study the direct influence of changes in temper- 
ature on photochemistry, two additional series of box model 
runs are carried out. Compared to the base case runs, the 
temperature is increased in steps of 10 K (from 288 to 308 K). 
All other parameters are left unchanged. Figure 4c shows the 
results of these simulations. The increase of the temperature 
leads to an increase of the ozone concentration for almost the 

whole range of NOy. Only at very low NOy concentrations and 
at NOy concentrations above 60 ppb (i.e., under heavily pol- 
luted conditions) the ozone concentration is insensitive to 
changes in temperature. It is found that the increase of the 
ozone concentration is mainly caused by the enhanced thermal 
decomposition of PAN. The lifetime of PAN is 7 hours at 10øC, 
and it decreases to 18 min at 30øC. At higher temperatures, 
PAN releases NO 2 which is bound at lower temperatures. In 
the low-NOx case the additional supply of the system with NO 2 
fosters the production of ozone. Simulations where the rate 
constant for the thermal decomposition of PAN was kept con- 
stant and only the other thermal rate constants were changed 
according to the increase of the temperature show that in the 
low-NOx case the decomposition of PAN is the only reaction 
which is responsible for the temperature dependence of ozone 

Table 4. Percentage Change of Photolysis Rate 
Coefficients (Case J2) 

Percentage 
Photolysis Reaction Change 

03 + h v --> O(•D) + 02 
HNO3 + h v--> OH + NO 2 
CH3CHO + h v--> CH302 + HO 2 + CO 
CH3ONO 2 + h v '-> 0.2 CH3CHO + 0.80 CH3COCH 3 

+ HO 2 + NO 2 
CH3COCH 3 + hv--> CH3CO 3 + C2H502 7.58 
HNO 4 + h v--> HO 2 + NO 2 6.92 
HCHO + h v--> HO 2 + HO 2 + GO 4.94 
CH3COO2H + h v --> CH30 2 + CO2 + OH 3.93 
HCOCH = CHCHO + h v-• 0.98HO2 + 0.02CH3CO3 3.91 

+ H(CO)CH = CHCO3 
H202 q- h v-• OH + OH 3.86 
CH302H + h v--> HCHO + HO2 + OH 3.61 
C2H502H + h v-• CH3CHO + HO 2 + OH 3.61 
HCOCHO 2 + h v --> 0.45HCHO + 1.55CO + 0.8HO2 3.22 
HCHO + h v--> H 2 + GO 1.63 
03 + hv -• O(3p) + 02 1.12 
NO3 + h v--> NO + 02 0.73 
CH3COCHO + h v--> CH3CO 3 + HO 2 + GO 0.54 
NO3 + h v --> NO2 + O(3p) 0.37 
HONO + h v --> OH + NO 0.11 

NO 2 + h v --> O(3p) + NO 0 
CHOCHO + h v --> 0.13HCHO + 1.87CO 0 

21.43 

12.77 

10.00 

10.00 
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concentration. In the high-NOx regime it was not possible to 
identify a single reaction as responsible for the temperature 
dependence of ozone concentration. The results show that the 
increase of the temperature causes an increase of the transition 
value of NOy from 26 ppb at 288 K to 30 ppb at 308 K and O3t 
shifts from 135 to 168 ppb. 

3.4. Variation of the Humidity 

The concentration of water vapor is in one case decreased 
from 6.2 to 3.1 g/kg and in another case is increased from 6.2 
to 9.3 g/kg to study the influence of humidity on the ozone 
production and on the transition value of NOy. At the given 
temperature of 288 K this is related to a change of the relative 
humidity from 60 to 30% and from 60 to 90%, respectively. 
This covers the typical range of relative humidity during sum- 
mer days in Germany [HOschele and kalb, 1988]. The results of 
these series of simulations are shown in Figure 4d. When the 
relative humidity changes from 30 to 90%, it is obvious that the 
peak ozone concentration increases from 131 to 137 ppb and 
that the transition value of NOy is remarkably shifted from 20 
to 30 ppb. In the low-NO x regime the ozone concentrations 
decrease with increasing humidity. In the high-NOx regime the 
ozone concentrations increase remarkably with increasing hu- 
midity. In the most extreme case the ozone concentration al- 
most doubles when the relative humidity increases from 30 to 
90%. This shows that the humidity has a tremendous influence 
on the ozone production and on the transition value. 

In the following, the behavior for the different regimes is 
explained. The increase of water vapor enhances the rate of 
reaction 

(RS) H20 + O(•D) • 2OH. 

On the one hand, the reaction of O(•D), which is formed by 
photolysis of ozone, with H20 is a sink for ozone, since this 
prevents the O(•D) atom from being quenched to the ground 
state to form ozone again. On the other hand, reaction (R5) is 
a radical source. The net effect of the enhancement of this 

reaction depends on the photochemical state: In the low-NOx 
regime the role of reaction (R5) as a sink for ozone is domi- 
nating. Therefore the increase of water vapor decreases the 
ozone concehtration. When enough NOx is available and rad- 
icals are scarce (i.e., high NOy), the increase of the OH radical 
leads to higher ozone concentrations. 

3.5. Summary of the Box Model Runs 

The sensitivity studies with the box model have shown that in 
all cases it was possible to identify a transition value which 
separates those areas which benefit from a reduction of NO 
emissions from those areas where a decrease of the NO emis- 

sion leads to an increase of the ozone concentration. The 

transition value, however, differs for the individual cases. For 

day 2 of the base case run a transition value of 26 ppb NOy is 
found. An increase of the temperature by 20 K leads to a 
transition value of 30 ppb. When the water vapor content is 
changed from 3.1 to 9.3 g/kg the transition value shifts from 20 
to 30 ppb. Both changes in the transition value are of the same 
order as the change which is caused by a doubling of the VOC 
emissions. Although transport processes were not taken into 
account, this shows that the ambient conditions have a direct 
impact on the nonlinearity of ozone chemistry and thus they 
might influence the design and effectiveness of abatement 
strategies. 

low-NOx (this work) high NOx (this work) 

low-NOx (Kleinman) high-NOx (Kleinman) 
NOy 

Figure 5. Sketch of Kleinman's and our definitions of low- 
NOx and high-NOx conditions. 

3.6. Comparison With Kleinman's Studies 

As mentioned above, Kleinman [1991] uses the strength of 
the NOx source (E•ox) in comparison to the production of 
radicals (S) to distinguish the two photochemical states. This 
criterion is to be applied to the box model simulations. For 
each day of the presented emission scenarios a mean rate of 
radical production (averaged over 24 hours) is calculated. The 
production rate of radicals is mainly governed by the reaction 
of O(•D) with H20 and the photolysis of formaldehyde, 
higher aldehydes, and ketones. In agreement with the results of 
Kleinman [1991], the result for the presented simulations is 
that in every case the equality between S and E•o x can be 
found at that value of NOy where the concentration of radicals 
drops suddenly down and the NOx concentration begins to 
rise. This happens for day 2 in the base case when NOy equals 
35 ppb (Figure 3). However, this value of NOy is not identical 
with the transition value related to maximum ozone produc- 
tion because maximum ozone production presupposes the 
availability of radicals. Therefore the maximum of ozone is 
located when the radical production is still greater than the 
emissions of NOx (S > E•ox). 

Hence there exists a region where S > E•o x (e.g., low-NOx --=-- 
conditions according to Kleinman's definition) but where 
ozone already decreases with increasing NO x (high-NO• con- 
ditions according to our definition). This was already described 
by Sillman [1995b] and Kleinman [1994]. Figure 5 shows that 
fact schematically. However, for using the NOy concept in 
connection with the results of three-dimensional simulations or 

measurements, it is not practicable to refer to the radical 
production and the source strength of NOx because radical 
production and NOx emissions can be spatially separated. It 
therefore remains unclear how to calculate the difference be- 

tween radical production and NOx emissions under these cir- 
cumstances. Moreover, there is no direct relation to the max- 
imum of ozone production and the ozone concentration. 
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4. Sensitivity Studies Including 
Transport and Deposition 

In the real atmosphere the concentrations of trace gases are 
not only controlled by chemistry but also by the interaction of 
several physical processes. These processes are turbulent dif- 
fusion, advection, and deposition. Therefore it is interesting to 
see if the results found in Section 3 are modified when these 

processes together with the spatial variability of temperature, 
humidity, and emissions are taken into account. The different 

processes and effects are introduced step by step in order to 
quantify their individual contributions. The numerical simula- 
tions are carried out with the comprehensive model system 
KAMM/DRAIS [Vogel et al., 1995]. 

4.1. Description of the Model 

The model system KAMM/DRAIS uses the nonhydrostatic 
mesoscale model KAMM [Adrian and Fiedler, 1991] as the 
meteorological driver. It is coupled with a surface vegetation 
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model developed by Schaedler [1989]. This model part gives 
the lower boundary conditions for temperature and humidity. 
The submodule DRAIS is used to treat the transport and the 
diffusion of the reactive trace species. Dry deposition is pa- 
rameterized using a big leave multiple resistance model [Baer 
and Nester, 1992]. For the treatment of the chemical reactions 
the RADM2 chemistry is incorporated. The photolysis rate 
coefficients are determined with the radiation scheme of Mad- 

ronich [1987]. The anthropogenic emissions are precalculated, 
and the biogenic VOC emissions are calculated depending on 
the land use, the modeled temperatures, and the modeled 
radiative fluxes [McKeen et al., 1991b; Lamb et al., 1987; Vogel 
et al., 1995]. For the parameterization of the NO emissions 
from the surface a modified scheme of Yienger and Levy [1995] 
is used [Vogel et al., 1996b]. The whole model system runs in a 
coupled mode. In the vertical direction, 25 layers are used. The 
vertical grid size varies from 20 m close to the surface up to 
400 m at the top of the model domain which is at 8 km above 
sea level. The time steps, which are used, are of the order of 
seconds. 

4.2. One-Dimensional Model Runs 

As a first step, the one-dimensional version of the model 
system is applied. Compared to the box model runs, vertical 
diffusion and dry deposition are taken into account as addi- 
tional processes. 

For the concentrations the following equation is solved: 

--=--Khz +[',-œ,+E, (3) o t o z 

Khz is the vertical turbulent diffusion coefficient which is a 
function of thermal stability and wind shear. Therefore it fol- 
lows a diurnal cycle and shows a variation with height. The 
parameter z is the vertical coordinate. At the lower boundary 
of the atmosphere, dry deposition is used as boundary condi- 
tion 

Khz OZ = -v•,,•, (4) 

where Vd, i is the deposition velocity. 
The anthropogenic emissions of NOx and VOCs for the 

state of Baden-Wtirttemberg, which is located in the south- 
western part of Germany, are available with a spatial resolu- 
tion of 1 x 1 km 2 and a temporal resolution of 1 hour [Ober- 
meier et al., 1995]. These data are averaged over the whole 
domain, and the diurnal cycles of the averaged emissions are 
used as input data for the one-dimensional model. The bio- 
genic emissions are calculated using the temperature and the 
photosynthetic active radiation delivered by the meteorological 
part of the model, taking into account the percentage contri- 
bution of the different land use types for the area of Baden- 
Wtirttemberg. Also, the parameterization of the dry deposition 
velocities is done according to the percentage contribution of 
different land use types. A description of the simulated situa- 
tion, the determination of the emissions, and the deposition 
velocities are given by Hammer [1997]. The results, which are 
obtained with these emissions, serve as a base case. Similarly to 
the box model runs, a series of simulations are carried out with 
the one-dimensional model where the source strength of the 
anthropogenic NO emissions is multiplied by a factor f (f = 
0.01, 0.1, 0.4, 0.5, 0.7, 1.0, 1.5, 2.0, 3.0, 4.0). 

Although data are available for 25 vertical layers, we will 

focus on the results for the first layer above ground (20 m). 
Figure 6a gives diurnal cycles of ozone for different NO emis- 
sion strengths for day 2 of the simulation. As expected, the 
diurnal cycles differ in their minimum and maximum values. 
There is still some ozone during nighttime when the emissions 
of NO are low (f - 0.01). When the NO emissions are high 
(f = 4.0), the increase of ozone starts very late in the morn- 
ing, and the maximum ozone concentration is only 40 ppb. The 
deposition velocity, which is used to parameterize the dry dep- 
osition, differs greatly for the individual species involved in 
photochemistry. During daytime it varies from almost zero for 
most hydrocarbons, HONO, HNO4, NO, NO3, N205, and CO, 
up to 3 cm s-• in the case of HNO•. Around noon we found the 
following deposition velocities: Va,o• • 0.7 cm s-• vd, PAN • 0.3 
cm s -• • 0.5 cm s -• Va,HCHO • 0.7 cm s -1, and , Ud, NO 2 , 
Vd,aidehyde s m 0.5 cm s -1. It is interesting to compare the 
lifetime with respect to the deposition process for O3 and NO v. 
For an estimation of the deposition velocity of NO v the results 
for f = 1 are taken. The deposition velocity for NO v is ap- 
proximated by weighting the deposition velocities of the indi- 
vidual components of NO v with their percentage concentration 
contribution to NOy (HNO3 • 50%, PAN • 20%, NO 2 • 
20%, and NO • 10%). By this procedure we found a deposi- 
tion velocity for NOy of Vd,N% • 1.66 cm s -•. Assuming a 
boundary layer height of 1500 m, deposition as the only rele- 
vant process, and no emissions of NO, the lifetime of 03 would 
be about 2.5 days, and for NOy it would be about 1 day. The 
ratio of the lifetimes of 03 and NOy with respect to deposition, 
however, will depend on the percentage contribution of HNO 3 
to total NOy of any specific situation. 

In order to study the role of deposition in more detail, 
additional sets of simulations are carried out, where in one 
series the deposition velocities of all species are set equal to 
zero, whereas in another series only the deposition velocity of 
ozone is set equal to zero. 

Figure 6b shows the O3-NO•, relation at 20 m aboveground. 
Data are taken at t = 14 hours for each run. A similar pattern 
to the box model calculations is found. The highest transition 
value (NO•,t = 33 ppb) and the highest ozone concentrations 
(O3t - 126 ppb) are found when the deposition of all species 
is switched off. The lowest ozone concentration (O3t = 103 
ppb) is found when deposition is taken into account for all 
species, that is, in the base case. In this case the transition value 
is NOyt = 20 ppb. When only the deposition of ozone is 
switched off, the same transition value as for the base case is 
found but with higher ozone concentrations as expected 
(O3t: 119 ppb). 

By comparing the results of the three sets of simulations the 
effects of deposition of 03 itself and of deposition of the 
precursors can be elaborated. They behave differently in the 
low-NOx and the high-NOx regimes. In both regimes, ozone 
increases when the deposition of ozone is switched off. In the 
low-NOx regime, ozone increases when deposition of all spe- 
cies is switched off, whereas in the high-NOx regime, ozone 
decreases. The results of these simulations clearly demonstrate 
the impact of the dry deposition process on the O3-NOy rela- 
tion and especially on the transition value. Deposition of pre- 
cursors shifts NOy t to lower values, whereas the deposition of 
ozone reduces the maximum ozone concentration. 

4.3. Three-Dimensional Model Runs 

For studying the effects of advection and of the spatial dis- 
tribution of emissions on the O3-NOy relationship, three- 
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Figure 7. Simulated ozone concentration versus NOy for 
August 3, 1990, 1400 CET at 20 m above surface. The thick line 
gives the data after smoothing. 

dimensional simulations are carried out. These simulations 

come closest to the real situation found in the atmosphere. 
For this purpose, the following equation is solved: 

O•l 0•, 0•, 0•, 0 O•l 0 
...... + -- Khy 

0 

where •, •J, and ½ are the components of the wind velociW and 
Khx and Khy are the horizontal turbulent diffusion coefficients. 
They are all time and space dependent and are calculated at 
eve• time step by the meteorological driver of the model 
system. 

A summer smog episode, which occurred at the beginning of 
August 1990, is simulated to sere as a base case (case A). The 
model domain covers an area of 171 x 159 km 2 in the south- 

western part of Germany and includes the cities of Mannheim, 
Karlsruhe, and Stuttgart. For the applications presented here 
the horizontal grid size is 3 km. The time steps are of the order 
of seconds. The anthropogenic emissions are precalculated 

with a temporal resolution of 1 hour and a spatial resolution of 
1 x 1 km 2 [Obermeier et al., 1995]. During the episode, high 
temperatures up to 34øC were observed in the area of interest, 
and it was found that during that situation the amount of 
biogenic VOC emissions (isoprene plus monoterpenes) was 
almost the same as the anthropogenic VOC emissions. The 
maximum ozone concentrations were of the order of 110 ppb. 
A detailed description of the model system, the model domain, 
the simulated situation, and the comparison with observations 
is given by Vogel et al. [1995]. Figure 7 shows the correlation of 
ozone and NOy at 1400 central European time (CET) on 
August 3, 1990, for case A. The data are taken from 2637 grid 
points at 20 m above the surface. As expected, much scatter 
exists. This scatter is caused by the spatial variation of the 
emissions and by the three-dimensional distribution of temper- 
ature and humidity and the processes of deposition, transport, 
and turbulent diffusion. In order to reduce the scatter of these 

data, a smoothing procedure with three grid points and 100 
cycles is used. The smoothing starts with K data points 
([NOy],[O3])k. These data points are reordered with respect to 
[NOy] to fulfill the relation [NOy]k_• < [NOy]k, k = 2, K. 
After reordering, the following smoothing operator is applied 
to [NOy]• and the corresponding [O3] •' 

)k = 1/3(yk_• + yk + Yk+l) 

), = 1/2(y• + y2) (6) 

)•: = 1/2(y•:_• + y•:) 

The smoothing is repeated 100 times. By this iteration the 
number of data points is kept constant. 

The thick line in Figure 7 gives the result of this smoothing 
procedure for the data of case A. The shape of the curve is 
similar to those of the box model and the one-dimensional 

runs. For this curve a transition value of NOy, = 10.82 ppb is 
found. 

In addition to the base case run (A), several sensitivity runs 
with KAMM/DRAIS are carried out for August 3, 1990. A 
short outline of the sensitivity runs is given in Table 5. In cases 
B and C the anthropogenic emissions of NO x and VOC are 
reduced by 50%. In case D the biogenic and in case E the 
anthropogenic VOC emissions are switched off. For case F 
only the biogenic emissions of NO and VOC are taken into 
account. The initial concentrations of the VOCs for case E are 

set equal to zero. In case F (only biogenic emissions) the initial 
concentrations of the precursors of ozone (with the exception 

Table 5. Scenarios for the Three-Dimensional Sensitivity Studies 

Case Scenario 

A 

B 

C 

D 

E 

F 

G 

H 
I 

J 

K 

L 

scenario 1990 

scenario 1990 with 50% reduced NOx emissions 
scenario 1990 with 50% reduced VOC emissions 

scenario 1990 without biogenic VOC emissions 
scenario 1990 without anthropogenic VOC emissions 
only biogenic NO and VOC emissions 
scenario 2000 (emissions of CO, NOx, VOC reduced by 53, 32, 47%) 
scenario 2000 + (emissions of CO, NO x, VOC reduced by 70, 43, 61%) 
scenario 2000 + with 50% reduced NOx emissions 
scenario 2000 + with 50% reduced VOC emissions 

scenario 1990 with homogeneous topography 
scenario 1990 with reduced temperature 

*NA, not applicable; NOy t and O3t are not reached. 

NOyt, 
ppb 

10.82 

5.90 

10.91 

7.91 

9.14 

NA* 

8.39 

5.98 

4.36 

6.00 

13.98 

9.66 

031, 
ppb 

97.51 

89.41 

95.70 

88.32 

80.21 
NA* 

90.61 
88.14 

80.48 

87.75 

112.00 

82.23 



VOGEL ET AL.: FINDINGS ON NOv AS AN INDICATOR FOR OZONE SENSITIVITY 3615 

of CO) are set equal to zero, and the initial concentration of 120 
ozone in the boundary layer is reduced from 85 to 50 ppb. For 110 

all other scenarios the initial concentrations of NOx, VOCs, 
and ozone are identical to those of case A. Two emission 100 

scenarios for the year 2000 were determined [Obermeier et al., • 9o 
1995]. Scenario 2000 (G) takes into account the emission re- .=- 
ductions for CO, NOx, and VOCs which are caused by such c? 80 
foreseeable technical improvements as increasing use of cata- 70 
lysts and legislative activities in the state of Baden-Wtirttem- 
berg. Scenario 2000 + (H) includes such additional measures as 60 
reduced driving speed and increased use of public transporta- 
tion units. In the case of scenario 2000 the emissions of CO, 
NO,, and VOCs are reduced by 53, 32, and 47%, respectively, 
while in the case of scenario 2000 + the emissions of these 

species are reduced by 70, 43, and 61%, respectively. Addi- 120 
tional simulations are carried out for scenario 2000 + but with 110 

a 50% reduction of the NO• (I) and a 50% reduction of the 
VOC emissions (J). 100 

The simulations are repeated with the scenario 1990 but with • 90 .•_ 

homogeneous terrain height to study the influence of topog- c7 s0 
raphy on the production of photooxidants (K). For case L the 
temperature is reduced by 10øC. This has an influence on the 70 
chemical reactions (see section 3) and reduces the biogenic 60 
VOC emissions by 60%. 

The smoothing procedure is applied to the results of each 
3-D model run. Figure 8 shows the O3-NOy relations after 
smoothing the data. Table 5 gives the NOy t and O3t values 
which are obtained for the individual runs. 120 

In the cases of 50% NO•-emission reduction (B, I) the tran- 
sition values shift to lower values, and the ozone concentra- 110 
tions decrease. For reduced anthropogenic VOC emissions (C, 100 
E, J) the transition values remain unchanged (C, J) or are g_ 

o_ 90 

slightly lower (E). The ozone concentrations are more or less ._= 
changed depending on the emission situation and on initial c7 80 
concentration profiles. When the biogenic emissions are 70 

switched off, the transition value falls from 10.82 ppb (A) to 
7.91 ppb (D). This strong decrease of the transition value of 60 
NOy might be caused by the high reactivity of the biogenic 
VOC emissions. In cases G and H the emissions of NO• and 
VOCs are both reduced. In both simulations the transition 

values of NOy and the ozone concentrations are lower. When 
only biogenic emissions are taken into account (F), the ozone 
concentrations are decreased tremendously. Here the NOy 
concentrations do not reach a transition value; that is, the 
atmosphere is totally in the low-NOx regime. Case K shows the 
effect of homogeneous terrain height. It is found that in this 
case the deposition of ozone and of the precursors of ozone is 
smaller. The difference is caused by secondary circulation sys- 
tems (slope and valley wind) that develop in the case of real 
terrain height during the night [Uhrner, 1996]. Compared with 
the homogeneous terrain height case, these circulation systems 
enhance the deposition flux during the night hours by up to a 
factor of 2. Consequently, NOy t increases to 13.98 ppb, and O3t 
increases to 112 ppb for case K. When the temperature is 
reduced by 10øC (L), the biogenic VOC emissions are reduced, 
and as shown in section 3, less ozone is produced by chemical 
transformation. Both effects lead to less ozone. The transition 

value of NOy is slightly lowered. 
One can ask if it is justified to reduce the scatter of the data 

by smoothing and to operate with one single transition value 
for the whole area. It is certainly not possible to do so if totally 
different emission conditions are present in a specific area of 
interest. For example, the data presented by Trainer et al. 
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Figure 8. Simulated ozone concentration versus NO• for the 
different scenarios after smoothing. 

[1995, Figure 6] in the surroundings of Birmingham show two 
separated plumes. One emerges from a power plant, and an- 
other emerges from the city of Birmingham. In such a case a 
smoothing of data would result in a transition value that is 
neither valid for the power plant plume nor for the city plume. 
However, in case of Baden-Wtirttemberg the emissions are 
rather uniformly distributed over the whole domain, and the 
plumes emerging from the different source types (highways, 
power plants, cities) are overlapping each other. In our case a 
single transition value therefore may be justified. 

In order to check if the procedure to determine the transi- 
tion value could be of practical use for our area of interest, the 
difference of the ozone concentrations for the base case run 

and the run with the reduced NOx emissions (A - B) at 1400 
CET is calculated. In addition to zXO3, the thick line in Figure 
9 shows the 11 ppb NOy contour line for the base case run. The 
largest decrease of the ozone concentration is found in areas 
where the NOy concentration is below the transition value. The 
differences are very small in those areas where the NOy con- 
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Figure 9. Simulated distribution of AO3 (case A minus case B) for August 3, 1990, 1400 CET at 20 m above 
surface. The thick contour line gives the 11 ppb NO v concentration of the base case run (case A). 

centration is above the transition value. No increase of the 

ozone concentration is found, although it could be expected 
from Figure 7. The reasons for this are advection and diffusion 
processes. Areas where one might expect an increase of the 
ozone concentration (high-NO• conditions) are surrounded by 
areas where low NO v is found. In areas where NO v is below 
NOy•, ozone is reduced by decreasing NO• emissions. There- 
fore lower ozone concentrations are transported into those 
areas where an increase of the ozone could be expected with- 
out transport processes. However, Figure 9 shows also regions 
where the concept fails. Especially in the lee of Karlsruhe the 
contours of AO3 and NOy, are crossing. This shows that the 
transition value determined for the whole model domain by 
smoothing the individual points is not valid in this specific 
region. In the major part of the model domain, however, the 
transition value derived by smoothing separates low-NO• and 
high-NO• conditions. 

Another question, which should be answered, is how NO v is 
affected by changing the NO• emissions. In the cases of the box 
model simulations a direct relation between NO• emissions 
and NO v exists (equation (2)). In the three-dimensional case 
when deposition is present, it is not clear if such a relation still 
holds. In our case it is found that a reduction of the NO• 
emissions by 50% is indeed connected with an NO v decrease of 
almost 50% close to the sources. At larger distances from the 
sources the decrease of NO v is only 35%. In case B the relative 
contribution of HNO• to NO v is smaller than in case A at 
larger distances from the sources, and hence less NO v is re- 
moved from the atmosphere. 

Figure 10 depicts scatterplots of AO3 (A - B, A - C, A - 
D, A - E) and NO v for the base case (A) for selected emission 
reduction scenarios. Individual grid points and average condi- 
tions for intervals of 1 ppb of NO v are shown. It is found that 
in the case of NO• reduction (A - B) the highest ozone 
decrease exists in those areas where NO v is below the transi- 

tion value derived from the smoothing procedure of case A. 
The majority of grid points (80%) belong to those areas. No 
increase of ozone is found above the transition value. As men- 

tioned before, this is caused by transport processes. 
In case of VOC emission reductions the largest decrease of 

ozone is found in those areas where NO v is above the transi- 
tion value. The highest AO3 is found when all anthropogenic 
VOC emissions are switched off (A - E). This can be ex- 
plained by the fact that in this case the background concentra- 
tions are also set equal to zero. The decrease of ozone is lowest 
when the anthropogenic VOC emissions are reduced by 50% 
(A - C) because of the high contribution of the biogenic VOC 
emissions to total VOC emissions. 

The results depicted in Figures 9 and 10 show the usefulness 
and the limitation of the concept of the indicator NO v . Al- 
though the concept holds for large parts of the domain, it fails 
in those areas where the local O3-NOy relation differs signifi- 
cantly from the mean O3-NO• relation. 

5. Observations 

As a next step, observations are looked at to see if some of 
the typical features obtained with the numerical model are also 
found in reality. The measurements are taken from the 
TRACT campaign which took place in September 1992 [Ko- 
ssmann et al., 1998] in the southwestern part of Germany. The 
data of one flight, which took place on September 21, 1992, 
between 1300 and 1600 CET, are analyzed. The area covered 
by the field campaign includes the model domain presented in 
Section 4. Figure 11a gives time series of O3 and NO v during 
that flight. The aircraft passed through two intensive plumes 
which belong to the city of Basel and the city of Mannheim. It 
moved at an altitude between 600 m above sea level in the area 

of Mannheim (100 m above sea level) and 1400 m above sea 
level when it passed the Black Forest and the Vosges moun- 
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tains. Thus it was always inside the lower boundary layer. 
Figure l lb shows the correlation of O_• and NOy concentra- 
tions for that time series. It is obvious that the observed data 

show the same behavior as the model results (Figure 7). The 
observations were made late in September, and therefore the 
photolysis rate coefficients are lower, which should be followed 
by a lower transition value (see Section 3.2). The maximum 
temperature on this day was reached in the Rhine Valley and 
was of the order of 25øC. Compared to the simulated situation, 
where the temperatures were well above 32øC, this should also 
lead to a lower transition value. As expected, the transition 
value found for the observation (NOy t = 7.78 ppb) is indeed 
lower than for the model results. 

For our area of interest we find a general agreement in the 
behavior of the simulated and observed O3-NOy relationship. 
The scatter in the observed O3-NOy data is comparable to the 
simulated data. A plausible transition value is found that is 
lower than the simulated one. 
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Figure 11a. Time series of measured 03 and NOy concen- 
trations during the TRACT campaign on September 21, 1992. 
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6. Procedure of Normalization 

The results of the box model runs, those of the one- 
dimensional and three-dimensional simulations, and those of 

the observations produced similar shapes of the O•-NOy rela- 
tionships. Depending on ambient and emission conditions, the 
relationships differed in their transition value NOy t and the 
corresponding ozone concentration O•t. For a better compar- 
ison of the results the following normalization procedure is 
introduced. 

[N%] 
(NOy)--[NOyt] (7) 

[oA 
= (8) 

The normalization procedure is applied to each O3-NOy rela- 
tion found in Sections 3, 4, and 5 using the individual O3t and 
NOyt values (Table 5). This procedure forces all normalized 

8O 

0 5 10 15 20 25 30 

b NO v in ppb 

Figure lib. Measured 03 concentrations versus measured 
NOy concentrations. The thick line gives the data after 
smoothing. 
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Figure 12. Normalized results of all model simulations and of the TRACT observations 

curves to fall together at (03) = (NOy) = l. The results after 
normalization are presented in Figure 12. 

For the box model runs all data fall together within a few 
percent below (NOy,) = 1. More detailed analyses of that data 
show that at (NOy) •-- 1.5 the radical production is identical to 
the emissions of NOx (S • ENOx). This point separates the 
low-NOx and high-NOx conditions according to Kleinman's 
definition. Above (NOy) = 1.5 the scatter of the data becomes 
larger, but even in that case the data fall together within 10%. 
Under high-NOx conditions the availability of radicals be- 
comes important for ozone production and explains the scat- 
ter. 

When vertical mixing and deposition are taken into account, 
that is, in the case of the one-dimensional simulations, there is 
a favorable agreement with the results of the box model runs 
when (NOy) is less than 1. Above that value the results of the 
one-dimensional runs and the box model runs differ a little bit 

more. However, the differences are still small. At a given value 
of (NOy), higher values of (O3) are found even in the cases 
when deposition is switched off. This must be attributed to the 
additional process of vertical mixing. The reason for this mod- 
ification is that although much NO is emitted on the ground 
level, causing a local reduction of ozone, NO is transported to 
higher levels above ground and is diluted. Ozone forms at 
higher levels and is mixed downward [Vogel et al., 1992]. This 
means that by vertical transport we get more ozone in the 
high-NO• case than would be the case if only chemical pro- 
cesses were present. 

When all relevant processes are taken into account, that is, 
in the case of the three-dimensional simulations, the following 
is found. When (NOy) is less than 1, the results are close to 
those of the box model and the one-dimensional runs. It is not 

possible to separate the individual contributions of the differ- 
ent processes to the remaining scatter. When (NOy) is above 
the transition value, the results of the three-dimensional model 
runs are totally different from those of the box- and the one- 
dimensional models. The decrease of (O3) with increasing 
(NOy) is much steeper in the results of the box model runs than 
in those of the three-dimensional simulations. The difference 

is mainly caused by advection and in a smaller amount also by 
turbulent diffusion. Titration of ozone in the source regions is 
partly compensated by transport processes. This finding has 
consequences for abatement strategies. Under high-NOx con- 
ditions the increase of the ozone concentration is less pro- 
nounced when the NOx emissions are reduced than in the case 
of pure chemistry as described by the box model. 

Finally, the measurements are also normalized using equa- 
tions (7) and (8). The normalized (O3)-(NOy) relation for the 
TRACT campaign fits very well with the results of the three- 
dimensional model runs. Similarly to the model results, the 
observations show lower sensitivity to changes in NOy under 
high-NO• conditions than would be expected in the case of 
pure chemistry. This confirms our interpretation of the signif- 
icant role of transport. 

7. Summary and Conclusions 

This study has focused on NOy as an indicator for ozone 
sensitivity in cases of NO• emission changes. First, a box model 
was used to study the principle relation of ozone and other 
trace species to NOy. In agreement with previous studies, a 
transition value for NOy could be identified that separates 
high-NO• from low-NO• conditions. Sensitivity studies with 
the box model showed that the transition value depends on the 
VOC emissions, the photolysis rate coefficients, and the water 
vapor content. The enhanced radical production at higher NOy 
concentrations is responsible for the increase in the transition 
value when these variables were increased. A change in tem- 
perature also shifts the transition value. 

We compared our transition value which defines the sepa- 
ration of the low-NOx from the high-NO• conditions with 
Kleinman's definitions of the high-NO• and the low-NO• 
states. It was found that the transition of the different regimes 
does not happen at the same values of NOy. Our results con- 
firm one advantage of Kleinman's definition of high- and low- 
NO• conditions. When S = E•o x, the highest sensitivity of 
ozone to changes in VOC emissions and ambient conditions 
occurs. However, the criterion of Kleinman needs the knowl- 
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edge of the production of radicals to compare it with the 
emissions of NO. In the atmosphere, and even with a three- 
dimensional model, it would be hard to identify ' the local rad- 
ical production and the corresponding emissions in order to 
check Kleinman's criterion. Therefore, for practical use, our 
definition is more convenient to apply. 

Sensitivity runs with a one-dimensional model have shown 
the impact of dry deposition on the O3-NOy relationship. 
When dry deposition was switched off, the transition value of 
NOy was shifted to higher values, and an increase in the max- 
imum ozone concentration was found. 

The results of three-dimensional simulations with a compre- 
hensive model system were used to test an objective method 
for the determination of the transition value of NOy. Although 
the method was useful to separate high- and 1ow-NOx regions 
for a large part of the model domain, limitations were de- 
tected. The concept failed in those areas where the local 0 3 - 
NOy relation differs significantly from the mean one. 

A number of sensitivity studies were carried out with the 
three-dimensional model using different emission scenarios 
and ambient conditions. These sensitivity runs supported the 
findings of the box model runs; that is, no single transition 
value was found. The transition values shifted in agreement 
with the box model runs. It is worthwhile to notice that a 

decrease in temperature shifted NOy toward lower values and 
O3t decreased remarkably. In this case the reduction of ozone 
was even larger than in the case where NOx emissions were 
reduced by 50%. This demonstrates the large impact of tem- 
perature on ozone production. 

A normalization procedure was introduced and was first 
applied to the results of the box model runs. For a single 
simulated day this procedure made the results of all scenarios 
fall together within a few percent. When the normalization 
procedure was applied to the results of the three-dimensional 
model, an agreement with the results of the box model and the 
one-dimensional model was found in the cases of low-NO• 
conditions. Under high-NO• conditions the decrease of the 
normalized ozone concentration (O3) with increasing (NOy) 
was tremendously less pronounced for the results of the three- 
dimensional model than for those of the box model. This is 

caused by transport processes, mainly by advection. The con- 
sequence is that under high-NO• conditions the sensitivity of 
ozone to changes in NO• is less than would be expected from 
pure chemistry. 

The normalization procedure was also applied to observa- 
tions which were made in southwest Germany. When the nor- 
malized observations were compared with the results of the 
three-dimensional simulations, the agreement was good. With 
respect to NO• abatement strategies, our findings allow the 
following conclusions. The maximum ozone concentration, 
which can be reached for our area, is determined by the emis- 
sion situation and the ambient conditions. If we want to reduce 

this maximum value by reducing NOx emissions, the benefit is 
rather small as long as the reductions are less than 50%. Nev- 
ertheless, for the major part of Baden-Wiirttemberg, low-NO• 
conditions apply. Consequently, NO• abatement strategies 
would be favored instead of VOC abatement strategies. 
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