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Abstract: The NO/NO, /O3 reaction mechanism of the standard VDI 3783 Part 19 was coupled to
the Lagrangian particle model LASAT and quasi-stationary, individual plumes were calculated for
a point source under various conditions. First-order conversion rates between NO and NO, were
derived by fitting to these plumes and further simplified to sets of categorized conversion rates which
depend on background NO, concentration, atmospheric stability and time of the day. The rates were
applied in the standard airport dispersion model system LASPORT and compared to measured NO,
concentrations at Los Angeles International Airport. The agreement between modelled and measured
NO, concentrations (weekly averages) and ratios NO, over NOy at monitor stations dominated by
airport emissions was in most cases better than a factor of 2 with a Pearson correlation coefficient of
about 0.9 or above.

Keywords: chemical conversion; nitrogen oxides; dispersion; airport; Lagrangian particle model

1. Introduction

In the emission from combustion processes, only a fraction of the emitted nitrogen
oxide (NOy) is in the form of nitrogen dioxide (NOy). The usually larger part is in the form
of nitrogen monoxide (NO). During subsequent atmospheric transport, chemical conver-
sion processes then lead to an effective increase in the fraction of NO, in NOy. Limit values
on ambient air quality usually refer to NOy; therefore, atmospheric dispersion modelling
requires an estimate of the effective conversion between NO and NO, after emission. Dedi-
cated meso-scale chemical transport models can account for complex reaction mechanisms
of higher order. On the other hand, local dispersion models often have limited capabilities.

NO/NO; chemistry is governed by reactions of higher order [1]. A standardized
description of gas-phase reactions is provided in the German standard VDI 3783 Part 19
(2017) [2]. Its mechanism M1 covers the photolysis of NO, and the oxidation of NO with
O3, and mechanism M2 contains several additional reaction paths. These reactions can be
accounted for in a model system (LASREA) which combines the Lagrangian particle model
LASAT with a chemical QSSA solver. This allows the modelling of the mixing of ambient
air into a pollutant plume together with the dynamics of the higher-order reactions at a
high temporal (order of seconds) and spatial (order of metres) resolution.

LASREA was developed for the investigation of specific situations and it is computa-
tionally expensive. It was applied to derive simplified conversion rates of first order that
can be easily applied in standard dispersion models. In a recent project [3], this concept was
applied to derive effective conversion rates between NO and NO; for application with the
regulatory model AUSTAL [4], which implements the specifications of Annex 2 (dispersion
calculation) of the German Technical Instructions on Air Quality Control (TA Luft) [5].

In the work presented here, the effective conversion rates were implemented into the
airport dispersion model system LASPORT [6,7] and applied in a dispersion calculation
for Los Angeles International Airport, for which measured concentrations of NO and NO,
were available. Further details are provided in [3]. Figure 1 shows a schematic diagram of
the applied standards and model systems.
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Figure 1. Schematic diagram of the standards and models that were used to derive the effective
conversion rates between NO and NO,, and their application in an airport dispersion model system.

2. Foundations
2.1. Reaction Mechanism
The reaction mechanism M1 of the standard VDI 3783 Part 19 reads

NO, +hv % O@P)+NO )
OCP)+0, 2 0 2)
O;+NO % NO,+0, ®)

Reaction (2) is very fast so that the mechanism can be simplified to

NO, +hv+0, - 03+NO )
O3 +NO £> NO, + O, &)

The conserved quantities are [NOx] = [NO] + [NO;] and D = [O3] — [NO]. If quanti-
ties of NO, NO, and O3 (and a practically infinite reservoir of Oy) are inserted into a closed
volume, the reactions take place and lead after a certain time to a quasi-stationary state
with the steady-state concentration

k3[Os]

A EwATeN

[NO«] (6)

where [O3] is the steady-state concentration of O3. The temporal behaviour of [NO;] can
be solved fully analytically [3]. The characteristic time to reach the steady-state is

1

= . . . ()
V4j1k3[NOL + (j1 + ksD)2
Another presentation of the steady state concentration is
1 /. 1
[NO2] = =—<j1+k3(D+2[NOK]) — = ¢ . (8)
2k3 T

Figure 2 shows an example for the characteristic time and the ratio [NO;]/[NO4] as a
function of the NOy concentration and initial O3 concentration.
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Figure 2. Example for the characteristic time 7 (left) and the steady state ratio [NO;]/[NOx] (right)
as a function of the NOx concentration and initial O3 concentration.

2.2. Photolysis Frequency

Photolysis frequencies were taken from the standard VDI 3783 Part 18 [8]. Their
parametrisation is based on the solar zenith angle, optical cloud depth, ozone column
density and aerosol pollution. Different levels of cloudiness are accounted for by a cloud
modification factor. Figure 3 shows as an example the photolysis frequency of Reaction (1)
as a function of the solar zenith angle and cloud optical depth.
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Figure 3. Photolysis frequency of Reaction (1) as a function of zenith angle and cloud optical depth
for a typical value of the ozon column density (330 DU), medium aerosol pollution and clear sky.

2.3. LASREA

The tool LASREA serves to handle higher-order chemical reactions in combination
with the Lagrangian particle model LASAT. LASAT (Lagrangian Simulation of Aerosol
Transport) [9] is a particle model according to the standard VDI 3945 Part 3 [10]. It is
applied in various model systems [11] and served as the basis of the regulatory model
AUSTAL [4].

Usually, a particle model only handles reactions of first order because in this case the
change of quantity (e.g., mass) carried by a simulation particle per unit time is independent
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of the other particles, such that the simulations particles can be processed independent of
each other. In contrast for reactions of higher order, it is necessary to determine first the
concentrations of the species in a given volume in order to obtain the reaction rate, and this
requires information of all particles in the volume. LASREA performs the following steps
to simulate the dispersion in a time interval of length T:

1.  LASAT carries out the dispersion calculation for the time interval 0 to T /2 without
conversions, writes out the particle tables (locations, species quantities and other
parameters) and pauses.

2. LASREA reads the particle tables, calculates on the LASAT grid the current con-
centrations (volume average over a grid cell) and adds the pre-defined background
concentrations.

3. LASREA calculates for each grid cell the chemical reactions for the time interval 0 to
T using a QSSA method.

4. LASREA subtracts the background concentrations, distributes in each grid cell the
calculated species quantities over the particles of the grid cell and writes out the
particle tables.

5. LASAT reads in the particles tables and continues the dispersion calculation for the
time interval T/2 to T.

As LASREA defines the plume as a difference to a homogeneous background, it is
important that the background concentrations are in equilibrium according to the imple-
mented reaction mechanism. Otherwise changes of background concentration within the
plume volume would be assigned to the plume itself. A different approach is reported
in [12]. The QSSA procedure is based on a formulation by Dabdub and Seinfeld (1995) [13].
In a series of verification tests, LASREA was applied to a closed, single grid cell and the
calculated concentrations were in agreement with the ones from a direct QSSA integration
of the chemical differential equations [3].

Figure 4 shows as an example the quasi-stationary concentration plumes near ground
from a calculation with LASREA and the mechanism M1 (left side) and from a calculation
with a first order conversion from NO to NO; at a time constant of 600 s (right side). The
emission height was 20m and the emission rate 0.1 mol/s NOy (4.6 g/s) with an initial
fraction of 10% NO, in NOx. The LASREA plumes on the left side show the difference to
the background, for which an ozone concentration of about 1 umol/ m3 50 pg/ m3 ) and
a NO, concentration of about 0.2 umol/m?3 (10 ug/ m?) were assumed. The background
concentration of NO was determined from the M1 equilibrium (about 0.2 umol/m?), the
rate constants were j; = 0.00321/s and k3 = 11888 m>/mols.

The concentration distribution of NOy is the same in both cases. The calculation with
the first-order rate constant 1/600s yields a somewhat smaller NO, concentration. The
most remarkable difference between the two calculations becomes apparent for the ratio
NO, over NOy concentration. In the first-order conversion, the ratio is simply a function of
transport time. With M1, it strongly depends on the location inside the plume: At the edges
of the plume it is high because of the small concentrations (relative to the background)
together with the mixing of ozone-rich ambient air, while at the plume centre it is limited
by the available ozone.

The comparison shows that the effective conversion time in this LASREA /M1 example
is of the order of 10 min. This is much longer than the characteristic time of M1 (see Figure 2),
because the limiting factor for NO, production in the plume is the entrainment of ambient
air. This explains why simplified or measurement-based approaches for effective first order
conversions in pollutant plumes may apply conversion times considerably larger than the
characteristic time of M1 itself.
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Figure 4. Example calculation for a 20 m point source and an NOx emission of 0.1 mol/s with 10%
primary NO,. Left: results of LASREA /M1. Right: results of a first order conversion of NO to NO,
with rate constant 1/600s.

3. Effective Conversion Rates
3.1. Plume Calculations

Test calculations showed that, for transport times of the order of 1 hour or below, the
mechanism M1 of the standard VDI 3783 Part 19 is sufficiently accurate and that other
reactions included in the standard (mechanism M2, e.g., conversion of NOy to HNO;3,
HCHO conversion and HO radicals) can be neglected on this time scale [3]. A variety of
single-plume calculations were performed with LASREA /M1 and a boundary layer model
according to the standard VDI 3783 Part 8 [14] for various emission heights, emission rates,
ambient temperatures, background concentrations and solar zenith angles.

To categorize the ambient background, measured and extrapolated data of NO, and
O3 at various monitor stations in Germany [15] were used to assign for different levels of
the NO, concentration an average O3 concentration. Then, the M1 equilibrium was applied
to derive the according NO and NO concentration for day and night time. The resulting
background categories are listed in Table 1.

For daytime, the solar zenith angle was set to 0 deg (maximum photolysis rates),
and for night time to 85 deg. The value smaller than 90 deg for night time allows a small
photolysis and O3 production. Test calculations showed that these assumptions and the
assumed cloudiness were not critical for the derivation of effective conversion rates.
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Table 1. Categories of ambient background concentrations applied for the derivation of effective
conversion rates.

NO, O3 . NOx
ng/m> ug/m> Time ug/m> [NO,1/INOx
5 55 day 9.2 0.54
5 55 night 5.2 0.97
10 50 day 19.3 0.52
10 50 night 10.3 0.97
20 45 day 40.6 0.49
20 45 night 20.8 0.96
30 40 day 64.8 0.46
30 40 night 31.3 0.96

3.2. Conversion Rates

The plumes calculated with LASREA /M1 were compared to LASAT plume calcula-
tions that applied a first-order conversion between the two substances A (NO) and B (NO,)
with concentrations a and b:

da
T - —aa + Bb )
db
T - —Bb+aa (10)

The conversion rate from A to Bis «, the one from B to A is §, the according conversion
times are T, = 1/« and T}, = 1/B. The characteristic time of this reaction mechanism is
T =1/(a+ B). The ansatz

a(t) = feo+ (a9 — feo)e” TP (11)
b(t) = beo+ (by — beo)e (P (12)
yields
Aoo = 'B (ao + b()) (13)
x+p
bo = % (ap + bo) (14)

and there remain two conditions that can be used to fit the values of « and f to a plume
calculated by LASREA /M1. The concentrations a and b were identified with the cross-
integrated concentrations of NO and NO, at the emission height. The ratio

fo= a—lij—b (15)
= foot (fo— foo)e WHP (16)
with
b
fo= (17)
fo = boo _ x (18)

am+boo lX—i—,B

was used for fitting. The value fo was set to the ratio of the according background
concentrations f,,. This corresponds to the assumption that, after sufficient transport
time and dilution, the plume should adjust to the properties of the background. As
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second condition, the ratio f at a fixed transport time #; (tests yielded a suitable time of
f; = 1805s) was set to the value derived from the LASREA /M1 calculation f;. These two
conditions yield

W = Jo(fo—fo
- hl<ﬁﬁ> 19)
_ 1,

If fp > f1 > fo,thena > 0and B > 0.

3.3. Categorized Conversion Rates

Each LASREA /M1 plume was re-calculated with the first order conversion scheme
and the fitted values of « and B. It was shown that it is possible to reproduce in this way the
NO; plumes from LASREA /M1 quite accurately, both in view of near-ground maximum
values and in view of near-ground cross-integrated concentrations [3].

The values of « and  depend, among other things, on the source height and the NOy
emission rate. For practical applications it is desirable to define the effective conversion
rates independent of the source properties, otherwise plumes and their conversions must
be handled separately for every source. Hence, different averages over the data sets were
performed and tested to obtain categorized, averaged and effective conversion rates. One
set was derived by extracting the values for a source height of 20 m and an emission rate of
NOxy (4.6 g/s) together with categorized values of the atmospheric stability and the NO,
background concentration. Table 2 lists the according conversion times T, = 1/« and
T, =1/B.

Table 2. Categorized conversion times (T,: NO to NO;, Tp,: NO, to NO) as a function of background
NO,, atmospheric stability and time of the day.

NOz Stability Time L. T

pg/m min min
5 stable day 32.9 38.6
5 neutral day 6.0 7.0
5 unstable day 7.0 8.2
5 stable night 25.2 815.2
5 neutral night 4.6 148.5
5 unstable night 51 163.4
10 stable day 37.0 40.1
10 neutral day 6.9 7.5
10 unstable day 8.1 8.8
10 stable night 27.8 898.0
10 neutral night 5.1 165.0
10 unstable night 5.6 181.3
20 stable day 42.6 409
20 neutral day 8.4 8.1
20 unstable day 9.8 9.4
20 stable night 30.9 741.3
20 neutral night 57 137.1
20 unstable night 6.3 150.6
30 stable day 49.9 425
30 neutral day 10.4 8.9
30 unstable day 12.2 10.4
30 stable night 34.9 837.0
30 neutral night 6.5 156.4

30 unstable night 7.2 171.6
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These categorized conversion rates can be applied in a standard dispersion calculation
for NO and NO,. For a calculation over a calendar year, the conversion rates are specified
for example in a time series of hourly means as a function of atmospheric stability (stable,
neutral, unstable) and time of the day (day, night) for a selected level of background NO,.

4. Airport Application

The effective conversion rates were implemented into the airport dispersion modelling
system LASPORT, applied in a dispersion calculation for Los Angeles International Airport
and compared to measurements.

4.1. LASPORT

LASPORT (LASAT for Airports) is a program system for the calculation of emissions
and concentrations at and around an airport [6,7]. It is the standard model tool of the
German Airport Association and has been applied in various national and international
projects (see, e.g., [6,16,17]). It has been approved for use in ICAO/CAEP [18] and complies
to ICAO document 9889 [19].

LASPORT applies the Lagrangian particle model LASAT as dispersion core. Aircraft
can be modelled individually as moving emission sources with a time resolution down
to 10 s. Other sources (e.g., APU, GPU, GSE, landside and airside motor traffic) can be
modelled as point, line, area, or volume sources with time-dependent emissions. Typical
results from LASPORT are the annual emission inventory of an airport, the near-ground
concentration distributions according to EU regulations (e.g., annual means and maxi-
mum daily means) and the time series of concentrations (usually hourly means) at given
monitor stations.

4.2. Los Angeles International Airport

For Los Angeles International Airport (LAX) and a period of 6 weeks in summer 2012,
meteorological data, flight data and measurements of NO and NO, at various monitor
stations were available [20].

Figure 5 shows the locations of monitor stations at the airport, Table 3 provides a
short description of their characterization in view of the presumably dominant emission
contributors together with a description of their encoding in subsequent scatter plots. Note
that, in the summer period of 2012, the prevailing wind direction was wind from west.

Measured concentrations of NO and NO, were available at all monitor stations in
form of weekly averages over 6 subsequent weeks (18 July 2012 to 28 August 2012). They
were compared to the calculated weekly concentrations of LASPORT (Version 2.4). The
calculation applied measured meteorological data (hourly means) and a detailed flight
journal of the airport. Every movement was modelled as a moving emission source with a
time-resolution down to 10 s. The concentrations were stored as hourly mean concentrations
and then averaged to provide successive weekly averages.

In the calculations, emissions from the main emission sources of the airport were
accounted for: aircraft main engines (AC), auxiliary power units (APU), ground support
equipment (GSE). The total NOy emission over the 42 days up to a height of 600 m above
ground level was 333 Mg. 95% of this mass resulted from aircraft main engines and about
50% from main engine emissions near ground (taxiing, departure).

To allow for a better comparison with the measured data, estimated background
concentrations of NO and NO, were subtracted from the measured data. Background was
estimated in a simplified and approximate way for each week as 90% of the measured
concentration at the station with the lowest measured value. If the resulting background
corrected concentration was negative, then the station was excluded from the analysis for
the given week.
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Figure 5. Location of the monitor stations at and around Los Angeles International Airport in the

measurement campaign 2012 (background map: OpenStreetMap Contributors).

Table 3. List of monitor stations, their characterization in view of assumed dominant emission

contributors and their symbol in the scatter plots.

Station Characteristics Symbol
AQ background, airport -
BN road, airport -
BNR airport, runway orange, triangle

BS airport, road green, triangle

BSR runway, airport green, square
CE road, urban -

CE2 urban -

CN airport, urban orange, circle
CN2 urban -

CS road, airport -

CS2 background, industry -

CT taxiways, terminal blue, triangle
NR runway, road orange, square
R405 road, urban -

SRE runway red, square
SRIN airport, urban orange, star
UW background, airport -

In the modelling, the categorized conversion rates for a background concentration
of 30 ug/m> NO, were applied. The values for stable stratification were replaced by
the ones for neutral stratification because the dynamics of the aircraft engine exhaust is
expected to circumvent the very low mixing process that was assumed in the underlying
LASREA calculations for stable stratification. For each engine and load setting, the NOx
emission rate was determined from the ICAO Engine Emission Databank. Based on
estimates [21,22], the initial NO, fraction was set to 5% for take-off and climb, 15% for
approach and 40% for taxiing.
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4.3. Results

Figure 6 shows as an example the calculated concentration distributions of NOy for
the first two weeks and the according measured concentrations. A further analysis revealed
that several monitor stations were influenced by local sources not accounted for in the
dispersion calculation (in particular landside motor traffic and industrial sites). For a subset
of stations, the airport was likely the main contributor (stations NR, BNR, CN, SRN, BS,
CT, SRE, BSR) and a more detailed evaluation was performed for these stations. Stations
UW and AQ were excluded because they were assumed to be dominated by background
concentration due to the strong prevailing wind direction from West.

Summer 2012 week 2 (run-4-ag-nokm12)
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Figure 6. Calculated (background) and measured (symbols) near-ground concentration distribution
of NOx for the first two weeks (18 July 2012 to 24 July 2012, 25 July 2012 to 31 July 2012) of the
measurement campaign (background map: OpenStreetMap Contributors). The spatial resolution in the
calculation was 50 m and the concentrations were interpolated to isolines for the purpose of plotting.

Figure 7 shows a scatter plot of measured and modelled concentrations for this subset
for each week and averaged over all 6 weeks. The overall agreement is mostly better than
a factor of 2, the Pearson product-moment correlation coefficient is 0.98, the slope of a
linear regression fit without offset is 0.61 (dominated by the underestimation of the high
concentration at station SRE) and the root mean square error is 62.1 pg/m?3. Figure 8 shows
the scatter plot of NO; concentrations.

Figure 9 shows the scatter plot of the ratio NO; over NOy (without background
adjustment). The overall agreement between modelled and measured concentrations and
ratios gives a Pearson correlation coefficient of about 0.9 or above and an absolute difference
smaller than a factor of 2 in almost all cases.

Investigating the differences between the concentration ratios shown in Figure 9 in
more detail, it can be observed that the agreement is very good for most of the runway-
dominated stations (NR, SRE, BSR). As the transport times between these stations and the
adjacent runway thresholds are rather short, this mainly implies that the assumed fraction
of primary NO, at take-off is adequate and that the applied conversion times are generally
not too short. The ratios for the other stations (airport contributions in general) show a
larger spread with some tendency of overestimation.

Finally, Figure 10 shows the near-ground concentration distributions of NO; for the
first two weeks.



Atmosphere 2024, 15, 574 11 of 15

1000.0 Comparsion Summer 2012, NOx weekly averages (run-4-aq-nokm12)
. I I I I ’
R=0.98 B=0.61 RMSE=62.1 ug/m?3 ,/
’
500.0 -4 v
'l Q
4 .
.
4 v
200.0 7 7
’ ’
’ ’
’ ’,
— ’ ’
‘€ 100.0 - 5
> 2’@ L
\U—? 50.0 E‘ ’/
8 ) 4 7l 5
+ , A4
2 O
< 200 -~ ‘v 2
] . V.’
< , g?;
3 100 —* -
g e /"
o 0 v
E 50 ” ”
2.0 1
1045 —+
0.5
05 10 20 5.0 100 20.0 50.0 100.0 200.0 500.0 1000.0

measured above estimated background (pg/ms3)

Figure 7. Measured and modelled NOy concentration for each week (filled symbols) and averaged
over all 6 weeks (open symbols) at the airport-dominated monitor stations: terminal (CT blue triangle),
airport general (CN orange circle, SRN orange star, BNR orange triangle, BS green triangle), runways
(NR orange square, SRE red square, BSR green square). The dotted lines indicate a factor of 2 difference.
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Figure 8. Measured and modelled NO, concentrations for each week (filled symbols) and averaged
over all 6 weeks (open symbols) at the airport-dominated monitor stations: terminal (CT blue triangle),
airport general (CN orange circle, SRN orange star, BNR orange triangle, BS green triangle), runways
(NR orange square, SRE red square, BSR green square). The dotted lines indicate a factor of 2 difference.
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triangle), runways (NR orange square, SRE red square, BSR green square). The dotted lines indicate a
factor of 2 difference.
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Figure 10. Calculated (background) and measured (symbols) near-ground concentration distribution of
NO; for the first two weeks of the measurement campaign (background map: OpenStreetMap Contributors).
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5. Discussion

When interpreting the results it must be considered that the modelled concentrations
depend not only on the conversion rates but also on the dispersion model, the meteorolog-
ical boundary layer model, the modelling of engine exhaust dynamics and the assumed
emission rates. In addition, not all emission sources contributing to the measured concentra-
tions were accounted for, and the measured data are subject to uncertainties. Nevertheless,
the results for NOy give an indication of the overall quality of model performance for the
simpler case of an (approximately) chemically inert substance. The results for NO,, which
are driven by the effective conversion rates, were of a comparable quality.

The comparison focused on weekly averages because such averages were available
from measurement at all the monitor stations. The total period of 6 weeks in summer
2012 was likely influenced to seasonal effects, hence it is not directly possible to deduce
the model quality for a period of a complete calendar year. The definition of effective
conversion rates as a function of atmospheric stability and time of the day (with and
without daylight) is expected to be flexible enough to account for the main effects in other
seasons of the year.

Ambient limit values of NO, exist for the annual mean, e.g., 40 pg/m? in the Euro-
pean Union [23] and 53 ppbv (103 ug/m? at standard atmosphere) in the United States
of America [24], and also for the hourly mean (200 ug/m? and 100 ppbv /195 pg/m3, re-
spectively). Therefore it is of interest to carry out comparisons also for the hourly mean
concentrations, which is planned as subsequent work. In addition, the annual mean of NO,
will attract increasing interest in the European Union in view of the planned reduction of
the annual limit value from 40 pg/ m? to 20 ug/ m3 [25].

6. Conclusions

Based on the reaction mechanism M1 of the standard VDI 3783 Part 19 and its coupling
to the Lagrangian particle model LASAT, effective conversion rates of first order between
NO and NO; were derived. The results showed that mixing of ambient air into the plume
was usually the limiting factor for the effective oxidation of NO to NO,.

The rates were further simplified into sets of categorized rates, distinguished by NO,
background concentration, atmospheric stability and time of the day. A set of rates was
applied to a complex emission system (Los Angeles International Airport) with the standard
model system LASPORT. The modelled NO; concentrations (weekly averages) and their
ratios NO, over NOy agreed with the measured ones by usually better than a factor of 2
with a Pearson correlation coefficient around 0.9 or above.

The results support the validity and practicability of the applied approach of deriving
effective conversion rates. The categorized rates are simple enough such that they can be
applied in almost any dispersion model on local air quality and they seem to be detailed
enough to provide a useful estimate of NO; concentrations.

Further validation work is required to demonstrate the performance for other seasons
of the year, for annual averages, and for short-time averages such as hourly means.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Aircraft

APU Auxiliary power unit

AUSTAL  Ausbreitungsrechnung nach TA Luft

CAEP Committee on aviation environmental protection in ICAO
EU European Union

GPU Ground power unit

GSE Ground support equipment

ICAO International civil aviation organisation

LASAT Lagrangian simulation of aerosol transport

LASPORT  LASAT for airports

LASREA LASAT and reactions

LAX Los Angeles international airport

M1 Reaction mechanism number 1

M2 Reaction mechanism number 2

QSSA Quasi stationary state approximation

TA Luft Technische Anleitung zur Reinhaltung der Luft
VDI Verein Deutscher Ingenieure
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