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Abstrast Novel modelling procedures for the mapagement of photochemical smog formalion by the use of air monitoring data
are described. The techuique is based on the evaluation of parameters invoked by the Integrated Empirical Raie (IER) model
namely: “smog produced” {3P), exient of smog formation () and the phololytic rate cocfficient for smog production in the air
{Rynog 3- These properlies of the alr are measuzed by the Airirak system. The [ER model describes smog produced as ¢ lincar
function of precursor emissions and sunlight exposare, enabling the age of precursor omissions to be determined and facilialing

clear appraisal of the effectivenass of emissions control stategies.

Dietailed evaluations nsing the IER modet performed for three successive days of urban air momitoring data arc presented in this
paper. The variation of 8P and extent paramelers are also investigaied and the method of representing the data for estimating the
ape of precursor emissions is elaborated. The ol of the 8P profile of the tackground air in determining the origin of 3 sampled

air mass is examuned,

i, INTRODUCTION

From time-to-time in summer cpisodes of photochemical
smog with ozone concentrations that excesd the air qualily
guideling of 0.12 ppm are cxperienced in both wsbon and
rural areas in the greater Sydney rogion {population 3.4
million). The Metropolitan Alr Quality Study (MADS) was
undertaken by the NSW Environmental Protection Authority
{(EPA) 10 assess the airshed and to develop, imploment, and
evaluate 3 combined emission. meteorclogical, and
photochemical modelling sysiem that can be used o
understand the reasons for high oronc concentrations and to
assist in developing an offective emissions control plan for
the Sydney nirshed. During the summer of 1993/94 exiensive
ambient zir quality monitoring was conducted by the EPA 1o
provide a data base for model development and evaluation.
The air goality monitoring network consisted of an extensive
array of zir quality monitoring stations plus  Alrirak
monitoring syslems located at suitable locations. The
Alrtrak” sysiem,{ Johnson and Quigley [1%8%D. is am
instrument which measures the photolytic rate coelficient
{Rameg) for smog production of the air (due to the presence of
reactive organic compounds) together with the s, and MO,
concentrations. In this paper Airfrak measwoments provide
the input data for assessment of photochemical smog
formation. The TER model (Iohoson §1983], Johunson ¢ al

"The Alrirak system is manufaetured and marketed by
Mineral Control Instrumeniation Ltd, PO Box 64, Unley,
SA. 3061, Australia

{19901 employs ambient monitoring data to photochemically
characterisc a given air parcel. The usc of the IER approach
avoids complesilies inheremt in the wpse of grid-based
photochemical models and cnables cvaluations 1o be made
without the need of an cmissions inventory. The approach
has the advaniage that il can be readily applied to evahuate
photechemical smog episodes case-by-case as they occur.

As an exampie of the Airtrak-IER approach we present 2
bricf analysis and interpretation of data for three successive
days monitored by an Airtrak system installed at Liverpool,
in the south-west arca of ihe Sydneyv airshed. In addition a
brief ontline is given of the Airtrak svstem and the IER
model.

2. AIRTRAE MOMITDRING SYSTEM
OVERVIEW

The Airtrak system samples continuously the air to
determing the concentrations of nilric oxide (NOY), fotal
aitrogen oxides (NO,). ozonc {Oh) "Smog” and the
photolytic rate coefficient for smog production {Byon). The
total nitrogen oxides (NG, ) conceniration is measured by 2
conventiona] MO, analvser and can include coniributions
from several species including MO, NO; HNOs; , PAN. and
organic nitrates. SMOGC concentration is defined as ©

[SMOGI{O,[HNO,HNO] )
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and is measured dircotly by Airtral via gas-phase tifration
technique. The R, parameter is measured conlinuously by
measurcment of the rate of consumption of nitric oxide by
the sample when cxposed to light in a special phoioiviic
r2ac1or, The Rong, value can be related 1o the concentration of
reactive organic compounds in the sample by the relationship

ROC = Rowy )
ar(m
where 2., 15 an activity coefficient for the ROC. Typical
values of 8, have been cmpirically determined but are not
required for application of the IER technique.

3. IERMODEL OVERVIEW

The Imtegrated Erpirical Rate (IER) photochemical model
consists of functional relationships which were derived from
the chemical interpretation of an extensive set of ocutdoor
smog chamber data. A first description of the IER approsch
was published by Johnson [1983] and this has since been
extensively elaborated.

Briefly the |ER modal requires ambient air moniioring data
o photochemically characterise the air, To apply the mode!
there is no nced for information on precursor emissions
fhries or plume {rapsport calowlations. A feature unigue to
the IER modet is that it provides information on whether ihe
concentration of photochemical smog oxidants at locations
under consideration are controlled bw the emissions of
nitrogen oxides or reactive organic compounds.

The model defines the formation of photochemical oxidants
in terms of “Smog Produced” {SP). where 5P represents the
quantily of NO consumed by photochemical processes plus
the quantity of O, produced,

According 1o the TER model 5P incresses approximately
Hingarly with respect to cumulative sunlight exposuse (the
Hghi-limited regime) until the available nitrogen oxides are
consumed by reaction when the NO,-limited regime scours
and 5P production ceases.

Daring the lght-limiled regime {he rate of 8P increase is

proposhonal to the photolyiic rate coefficient Ry, which is

measured divectly by the Adrtrak system, 5P is calculated by
[SPT = Ry I 0, BT )t (3)

where I, is the rate coefficient for NO. photolysis (a

measure of sunlight intensity). §T) is 2 temperature function
given as couation (4}
AT) = exp{~1000y (= ~—)} @)
T 3167

where v is a temperatare cpefficient determined from smog
chamber studies and has a value 4.7, T is given in 9K

in the Hght-limited regime the mate of smog formation is not
significantly dependent on the conceniration of nitrogen
oxides. For the NO,-limited regime, where there is no new
smog production, the concentration of SP is al its maximum
and is proportional {o the NO, previously emitted inte the air

where [NO_] denotes the NO, concentration that would
exist at time t in the absence of atmospheric chemical
reaction and where, from smog chamber data, the
coefficient can be assigned the value of 4.1,

The curreni conceniration of SP compared 1o the SP
concentration that would be present if the NO-fimited
regime exisied is indicative of how far towards allaining the
NO-limited  regime the pholochemical roactions  have
progressed. This ratio is defined by the [ER mode! as the
parameter “Extent of smog produced” (B} and is given by
ecuation (6):

oo ISPT

P 16}

ISPy,

Exiatiny

When E' = 1. smog formation is in the NO-limited regime
and the NO and NO- concentrations approach zers; when
£' <1, smog production is in the light-limited scgime .

From air quality mondoring data we cen determine the
regime of smog production by calculaling the parameter G
piven by couation {7}

. (1-PR)G,T
{(f—F)INO, T +P(O, ' ~[NOJ )

{7

where F s the proporiion of NO, emitied into the air in the
form of NO and P is s coefficienl for loss of gas phase
oxidized nitrogen into specics and forms not detected as NG,

When G < 1 smog production is in the light-limited regime
and, whea G = 1, then the NO,limited regime exists.

For the light-limited regime we ¢an calculaie the following
parameiors:

o, - N0 HPEO.T -NOT)
1-FP

and

[0,1' +FINO, J' -[NOY'
I-FP

[SPY = %

In the NO-limiled regime, where there is mo new smog
production, the concentration of N, expecied in the absencs
of aimospheric chemical reactions is given by

G e
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[NO. T, = g-F

{1

The data provided by Airtrak can be imierpreted vis IER
method i indicate the history amd  prospects for
photochemical smog production for the air from which the
sampie was taken and o evaluate the effectivensss of various
emissions control strategics,

4. EXAMPLE AIRTRAK DATA ANALYSIS

This section reports Airtrak monitoning data coliected during
the summer days of 10. 11, and 12 of February 1994 &
Liverpoo! air quality monitoring in the south-west area of the
Svdney airshed. These succossive days cover three different
categories of high, medinum and low photochemically reactive
gir respectively. Bix minute averages of Airirak data recorded
during these dwee days are presented in Figure 1. On the 1"
of February, between 830 am and $:40 am data is not
available.

O the 10" of February between around 09:40 am and noon
the ozone concentraiion was greater than 0,08 ppm. For the
other time pedods Oy concentration was less then 0.06 ppm.
On the 10" around 05 am and on the 17" around 06am and
06:00 pm, Figure 14 shows that plumes containing
substantial NG, and reaclive orpanic compounds were
detected. On the 11" 2t midday a plume with high Ry, (i
contains ROC) bul no ingresse in niirogen oxides was
obsarved, On the 12% these plumes were not clearly
promounced.

The concentrations of NO, MO, 05 and R, determined by
Airtrak were used io calculate the vartous 1ER parameters.
The modelling results are given in Figuwre 1T where the
variation of smog produced and extent are piotied {on
separate scales) against time. In addition Figure 1D shows
the (R,./NOx0) tatio plotted against tiwe demonstrating the
presence of plumes enriched with emissions of ROC {ie high
Rsmog/NO, ratios). The IER modelling resulls show that the
light-limited photochemisity persisied over the full theee day
period with the oxtont parameter values always less then |
(Fig. 1C). On the 10" polluted air parcels were detected
between 09:30 am and noen, and on the 117 other poiluted
air parcels were detected between 100 am and 3:00 pm
These parcels were characierised  with a smog produced
concentration greater then 0.08 ppm. In the morming before
sunrisc and after around 2:00 pm the air sampled by Alrtrak
during the 10% and 11" of February had the characteristics
of background air where SP and extent valuss were less then
6.02 ppm and 0.2 respectively. On the 12 the concentration
of smog produced was ioss then $.03 ppm over the 24 hour
period indicating that there was no pollution episodes
detected on this day.

The analysis of the Airtrak data using the IER algorithm
shows that the TER model provides 3 quick and robust way,

sxpressed in terms of B, . SP and cxtent. io assess and
fllow in real time the dmc “mcm of mhotochemical smog.

5. AGE OF PRECURSCR EMISBIONS

The IER parameters which describe the photochemical
characteristic of an air parcel con also be used in severad
other wavs. Here we domonstrate their use to ovaluate the age
of polimted air. The difforence between the cumalative
suniight at the moment of sampiing and the corrosponding
SPI e Tatio, gives insight on how much the air parcel has
been exposed o sunlight and can allow the determination of
the approximate tme of precursor  emissions to be
determined. In addition, if a wind back trajectory is available
for the given day, then an estimation of emissions location
can be determined. An improved estimation of the age of
precursor emissions would be made by firstly subtracting the
background SP concentration allowing the anthropogemic
emissions io be differcntiazed. This can be done by wsing
{SP-5Pha B, Where SPra is the time series of smog
produced for background air,

in the absence of any knowledge abont the 5P profile for
the Bydney airshed and with the alm o lurther procesd in the
selected Aldrtrak data analvsis, we have adopted the following
methodology: Two values of SPoa 0013 pom and 0.030
pom were used in this study, The choice of these values were
based on several Adrtrak and conventional moniloring dafa
collected  during previous studies Johnson [1992] The
modelling results which are given in Figare 2 give for every
selected dayv, four different plots designated by AL B, €. and
D, The Orst. the secoond and the third were obiained by using
P/ Ben L3P0IV R, and (SPW0.03)/ R, respeciively
and the fourth plot ropresents the comulative sunlight profile
for the selected day and the previous dav. The ordinate
provides a scale for the cumulative sunlight cxposure. The
time increments are quantificd on the pbscissa which indicate
how much tme has clapsed before or alter midnight of the
selected dayv. The age of the emissions is cvaluated for 2
given BP/R,., value by reading the fime corresponding (o
the same value on curve D, The negative values indicate that
the air parcel has been carried over from the previous day.
For example, lot us consider the plot A at 1lam on the 10"
(SP/Pime was around ~30 units),  the caloulations indicate
that the average time of precursor cinissions was some 11
hours before midnight eg. around 100 pm the previous day.
The plots A, B, and € indicate the sensitivity of the method
o the accuracy of the esitmated 5P, concentration. Since
the plot A does not have any 8P, correction, predictions of
the age of the selected alr parcels will be pverestimated. Tora
given SP.. . if the calculated valae at g given time is higher
then the corresnonding cumulative sunlight value, then the
selecied 5P, is not appropriate for that dme. This can be
seen on the following cases: on the 107 and 127 | beiween
midnight and arcund 7:30 am and between around & pm br
and midnight the use of plot C was oot appropriate, On the
11" the plot € was not appropriate betwesn midnight and
arpund 800 hr,
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The rclationshins represented in Figure 2 show that what
ever the vaiune used for SPhe . on the 10" | the air parcels
sampled between around 9:30 am and noon would be emitied
in the afternoon of the previous day. On the | 1" and for the
range of the variability of the selected SPi,q the three plots
show that the pollwtion episodes experienced between 10700
am and neon, originated from the previous day, On the ™
and with the accepted 5P, range of confidence, all plots
can be fitted to have the shape of the corresponding
cumulative sunlight profile without showing any delay with
the time. This finding aliow us 1o say {that on {he 127 the low
ievels of pollution were all from local sources of emission.

5  CONCLUSION

Three selected days of Airtrak data [rom the Liverpool area
were implemented in the IER moedel 10 evaluate the air
quality dvnamics. These data show typical arban values for
NG, MO, NG, | Os, and Ry, - Alrtrak measurements were
in gencral agreement with measurements iaken  with
conventional  instruments. The IER  pargmeters have
produced information about ambient air guality including the
age of the photochemical precursor emissions. This approach

provides wvalugble and effective tool for assessing ozome
precursor control strategies. In addition, the data analysis
shows that it is imporiant to characterise the properties of the
background {clcan) air.
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Figure 1 Alr quality measured by Airtrak at Liverpool
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Figure 2: Age Evaluations for Precursor Emissions 10, 11 and 12 Feb 1954
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