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Abstract

Plans to build a third runway at London Heathrowpait (LHR) have been held back because of concerns
that the development would lead to annuabhmeoncentrations of nitrogen dioxide (M@ excess of EU
Directives, which must be met by 2010. The dominant effect of other sourcesxafldfe to the airport,
primarily from road traffic, makes it difficult to deteahd quantify the contribution made by the airport to
local NO; and NQ concentrations. This work presents amhes that aim to detect and quantify the
airport contribution to N@ at a network of seven measurement sites close to the airport. Two principal
approaches are used. First, a graphical techniquey lévariate polar plots that develops the idea of a
pollution rose is used to help discriminate bemnvelfferent source types. The sampling uncertainties
associated with the technique hdezn calculated through a randomisedampling approach. Second, the
unique pattern of aircraft activity at LHR enables data filtering techniques to be used to statistically verify
the presence of aircraft sources. It is shown that aircragt$dQrces can be detected to at least 2.7 km from
the airport, despite that the airport contribution isyvemall at that distance. Using these approaches,
estimates have been made of the airport daution to long-term mean concentrations of,N&hd NQ. At

the airport boundary we estimate that approximately 28 %u34i°) of the annual mean NQs due to
airport operations. At background locations 2-3 kmlwimd of the airport we estimate that the upper limit

of the airport contribution to be less than 15 % (<ugOm?®). This work also provides approaches that

would help validate and refine dispersiodelling studies used for airport assessments.
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1. Introduction

1.1 Background

The aviation sector in the UK has grown five-fold in paest 30 years and is expected to increase by another
2-3 times by 2030 compared with current dayinestes (DfT, 2003). In December 2003, the UK
Department for Transport (DfT) published the Ukov@rnment's Aviation White Paper, setting out a
strategic framework for the development of UK aviat{pfiT, 2003). Currently, the future development of
London Heathrow (LHR) is supported by the UK Goweemt, including the building of a third runway, but
only if it can be shown that the development doesexaeed EU Limit Values for ambient air pollution.
The White Paper also called for an urgent programmeodf to tackle the air quality problems at Heathrow.
The principal concern is whether the annual mean nitrogen dioxidg (W@ of 40 ug mi®, which must be
met by 2010 as part of the EU Daughter Directive (1998/3Q) can be achieved. A third runway is seen as
essential for the economy also. The airport support9@0Qpbs and a short thirunway would yield net
economic benefits of some £6 billion (DfT, 2003). Ie ttontext of air pollution, the contribution made by
the airport and its operation to concentrations of @ NQ is therefore of key importance. However, to
determine this impact, a detailed knowledge of the sources gfdGe to LHR is essential, together with
their contribution to measured concentrationscufrent and future assessments of annual meamn NO

concentrations are to be reliable.

Comparatively little source apportionment work has beenrtaddmn in the vicinity of airports to determine
the extent to which aircraft emissions affect loe&l quality. Yu et al. (2004) used a nonparametric
approach based on kernel smoothing to identify airs@itces at Los Angeles International Airport (LAX)
and Hong Kong International Adort. Sulphur dioxide (S£ was found to be a useful tracer of aircraft
emissions at both airports. This work usefully egtd that of Henry et al. (2002), which only considered
concentrations by wind direction. The additional ghsiprovided by incorporating wind speed into the

nonparametric approach greatly enhanced théadeby providing some discrimination between ground-



level and elevated plumes. The analysis by etual. (2004) additionally showed that CO and yNO
concentrations at LAX were dominated by road traffic sources. At Heathrow, the primary interest is NO
and NQ, which presents a difficulty in quantifying duette overwhelming influence of ground-level traffic
sources of NQ. Furthermore, no measurements of,S@re available at the monitoring sites around

Heathrow.

This paper aims to develop methods to discringirtween road traffic and aircraft sources ofyNi®air
pollution data sets. Of particular interest is whether aircraft emissions catebtedeand the contribution
quantified in hourlydata sets of NQfrom routine monitoring sites in the vicinity of the airport. Because the
airport is situated within Greater London, it is embedded in a region of high emissiong,okhNEh makes

the analysis of its impact on local N@nd NQ concentrations problematic because of the confounding

influence of other sources of NO

2. Method

2.1 Description of site and data used

Heathrow Airport is situated within the Greatemdon Authority boundary in west London approximately

25 km from central London. In 2002 the airport was responsible for an estimated 422Qyy#4.9 % of

total NOx emissions in London (accounting for aircraft emissions up to 1 km). Heathrow Airport has two
runways: a northern and a southern runway segrBy approximately 1.4 km. Heathrow operates a
‘runway alternation’ system of operation for noisé@igation reasons. During daytime westerly operations
(taking off and landing into the prevailing westerly wind), landing aircraft use one runway from 07:00 until
15:00 and switch to the parallel runway from 15:001@8:00. Runway operation also operates on weekly
basis so that communities in wesbndon situated under the finap@oach tracks may benefit from
predictably quieter periods at certain times of the ddgathrow also operates a ‘westerly preference'. The
preference provides for westerly operations to comtiwhen there is a light easterly following wind up to
5-knots (2.5 m9), if the runways are dry and any cross-wind does not exceed 12-knots. These features of
runway use at LHR provide an important and unique i@gtprofile, which is very different to other major

NOy sources such as road transport. Runway atiemaharacteristics are exploited in section 3.3 when



aircraft contributions to measured N©oncentrations are detected. Data from National Air Traffic Services
(NATS), made available as part of the project, weseduto provide information on runway alternation.
These data provided hourly information on the numbeaimiaft movements during each hour including:
runway used, whether the aircraft was arriving or dapgudnd the direction of take off or landing. Later in
section 3.3, aircraft are classified as departing oviagion the northern or southern runways for westerly
operation. For the vast majority of hours this clicsion is straightforward. For some hours (notably
around 3 pm) when runway use switches it is less straightforward. For these hours, a runway is assumed to

be used for taking off if there are more departures on it compared with the other runway.

There are several routine monitoring sites close t& ltkiat belong either to national, London or British
Airways Authority networks. More informationnd most data for these sites can be obtained from
www.heathrowairwatch.org.uk. A range of pollutants are measured at these sites, but the focus here is on
measurements of NOand NQ, which are measured using the chemiluminescent technique. Data from
these sites undergoes quality assurance and control procedaséstent with that of the national network in

the UK (AQEG, 2004). In total there are eight monitg sites within 2 km of the airport boundaryable 1
summarises the data available from these sites togeftietheir distances fronthe northern or southern
runway. Of principal importance is the LHR2 site sisb180 m north of the northern runway. This site is

a few metres within the airport boundary, close to tlsteea end of the northern runway. The LHR2 site is
therefore ideally placed for considering airport soukglksn the wind is from a southerly or south-westerly
direction i.e. the prevailing wind direction. Thepart boundary road is approximately 15-20 m north of
LHR2. With the exception of the Hillingdon site, mosttieé other sites are locateither close to minor

roads or in background locatigrss borne out by the measured ,N&nhd NQ concentrations, which are
typical of background concentration in London (FulB®05). Note, that only one year of Harlington data
were available. Hourly meteorological data were obtained from the Met Office Heathrow site. These data

underwent several adjustments to account for equipmeangels at the site (see ref for more details).



Table 1. NQ and NQ monitoring sites used in the analysis.

Site Data period Distance to Distance to Mean NQ Mean NQ
northern southern (ug m®) (ng i)
runway (m) runway (m)
LHR2 Jul. 2001-Dec. 2004 180 1600 127 55
Harlington Jan. 2004-Dec. 2004 1230 2670 71 38
Hounslow Jul.2001-Dec2004 1600 2580 65 36
Oaks Road Jul.2001-Dec. 2004 2070 650 67 34
Main Road Jul.2001-Dec. 2004 1060 550 81 39
Green Gates  Jul.2001-Dec. 2004 370 1770 76 38
Slough Jul.2001-De@004 1390 2360 68 36
Hillingdon Jul.2001-De. 2004 2060 3460 120 48

2.2 Graphical analysisfor source apportionment

Yu et al. (2004) showed how accounting for wind speed in addition to wind direction yielded information on
the types of source in the vicinity of a monitoringes Here, a similar approach is used, with several
modifications. First, data were averagetb different wind speed (0-1, 1-2 rit.§ and wind direction (O-

10, 10-20...) categories (cells) andeghmean concentration of NQ@alculated. The choice of the cell size
affects the bivariate surface generated. An inapfatpcell size can lead to unnecessary imprecision: too
small a cell causes the plot to become excessively noistoduemall sample size, and too large a cell leads

to an excessively coarse partition and a loss of infoamatHenry et al. (2002) and Yu et al. (2004) used a
nonparametric kernel smoothitgchnique to determine the optimum balance between a plot that is too noisy
or too coarse. The choice used here was in pamndieted by the meteorological data, which were provided
rounded to the nearest°10Section 2.3 considers the affect of cell sample size on the estimated error of the
mean concentration in a cell, which provides additiamrmation on the most appropriate choice of cell
size. This process yielded a surface in Cartes@ordinates, which was then converted into polar
coordinates. Henry et al. (2002) did not favour cotingrto polar coordinates because data are compressed
close to the centre. However, it will be shown later that when data from several monitoring sites are
available, the polar coordinate system is a vergosiffe one. The data were then interpolated using a

Kriging technique to produce a bivariate polar plot.

Fig. 1a shows an example of a N®ivariate polar plot for a monitoring site located approximately 40 m
north of a motorway. There are several points that dhioelnoted. First, the highest concentrations are

recorded when the wind blows from the south. Thisnigrely expected because of the dominant motorway



source to the south of the site. Second, as the wiggllspcreases from any direction, the concentration of
NOy decreases. This pattern of decrease is wbatdwbe expected from a ground level source where the
concentration takes the form of a function tisainversely proportional to the wind speedFig. 1b shows

the bivariate polar plot for SGat a monitoring site in east London, which is affected by industrial sources.
For SQ there are three clear regionhiere a source has an influence (approximately 60, 120 arf)l. 160
Unlike Fig. la, the concentration of S@ncreases with increasing wind speed. In fact, a consideration of
potential sources highlights an oil refinery source at 12 km, a power station source at 6 km and other

industrial sources at 4 km.

Increases in concentration with wind speed arecatilie of a buoyant plume from a source such as a
chimney stack, where the plume is brought down torgtdavel when the wind speed increases. Note that

it is not the case that a high-level emission from a stack gives rise to the pattern sikagvrillin but the
presence of plume buoyancy. These features can be shown by considering the basic Gaussian plume

dispersion equation (see Seinfeld and Pandis, 1998) the absence of plume rise, the ground-level
centreline concentration(x, 0, 0) is proportional tol ', wherel is the mean wind speed. In the presence

of plume buoyancyg(x, 0, 0) is a function ofu®, wherea is a constant > 0, such that the lower the wind
speed, the greater the plume rise. As the v@péed increases for a buoyant plume the ground-level
concentration increases to a maximum and then desea¥hese plots potentialprovide an effective
graphical method of source discrimination betweeoybuat plumes such as those from power stations and

plumes with little or no buoyancy such as road traffic sources.

The bivariate polar plot approach has been applighdd HR2 site. The availability of monitoring sites
around LHR (sedable landFig. 3 allows the subtraction of a background N&ncentration for certain
wind sectors. Fig. 1c shows the effect of subtracting the Oaks Road IR@m LHR2 on an hourly basis

with the purpose of highlighting the effect of airport sources of KGm the south. The Figure shows the
presence of a large source of N®outh, which does not decrease in concentration as the wind speed

increases.Fig. 1c also shows that there is a sharp decrease indé@centration at about 150 The angle

between LHR2 and the end of the runway is approximately, Idiich suggests that aircraft plumes should



be detected from 110-1%0 The reason for the sharp change at°15Ghat aircraft take off in an easterly
direction (on the southern runway) for easterly wind conditioRgy. 1c on its own does not provide
conclusive proof of the presence of an aircraft souidewever, it does highlight a very different pattern

compared with a road sourdeid. 1a).

0 10

c)
Fig. 1a) Bivariate polar plot for NO(ug m®) at the Hillingdon monitoring site located approximately 40 m

north of the M4 motorway, b) bivariate polar plot for SPpb) at the Thurrock background monitoring site
located close to areas of industrial activity c) bivariate polar plot for (4@ mi®) at LHR2 with background
NOy concentrations subtracted from Oaks Road foO®@&3:00 on an hourly basis, d) estimated error
surface (at &) for (c) based on the re-sampling approach desdrin section 2.3. In each plot the wind

speed increases radially outwards towards the circumference to10 m s

2.3 Sources of uncertainty and estimation of errors

The pattern of concentration shownHig. 1c is influenced by many factors related to meteorology and
emissions. Furthermore, as shownYayet al. (2004), the choice of wind speed and direction interval size is
also a factor. However, the pripai influence on the uncertainty assoethtvith Fig. 1c is the number of

data points that exist in any wind speed — wind direatieln Even with several years of data, some cells



only have a few data points; most notably those at high wind spe@ds: (§') with an easterly component.

As the sample size decreases in a cell, the représentss of the mean condeation in that cell will
become more uncertain. Estimatésthe sampling errors were madsing a re-sampling technique. For
concentrations affected most by airport sources, a wind angle from 180w2#20 considered. By
considering several wind direction sectors affectethbysame dominant source together, enough data points
were available to test the effect of sample size emtbean concentration. Within each wind speed category
(e.g. from 1-2, 2-3 m's..) different sample sizes from 2 to 300 were randomly selected without replacement
500 times. For each ensemble, the standawihtion of the mean was calculatdeig. 2 shows the effect of
sample size on the error at LHR2. It shows thatcklls with relatively few measurements the standard
deviation of the mean NQOconcentration is high. For example, for a cell with only 10 measurements, the
standard deviation iapproximately 1Qug mi°®. The importance of the error does, however, depend on the
magnitude of the concentration due to a particularcgourin the case of LHR2 in the direction of the
aircraft, the concentration is typically around 70-1@0m*, which is much larger than the sample error and
suggests that sample sizes smaller than 10 would lopiaigeto highlight the source. Nevertheless, the plot

shows that the error declines sharply as the nuwitraeasurement points in a cell increases.

The errors shown iRig. 1d also depend on other factors. In theclion of the aircraft the concentration of
NOx varies little by wind speed. Furthermore, the@sviound to be very little variation in the sampling
error with wind speed for wind directions from the airport, as showtign2 However, for a road source
(not shown), an increase in wind speedulted in a decrease in the meanyN©Oncentration and the error
estimate. For wind directions from the north at LHRE&. (irom the nearby road), it was found that the error
term decreased typically by a factor of 2-3 as the wind speed increased from 1-2 to™8-9trwas also
found that there was an approximately linear depace between the error estimate and the mean
concentration of N@ Because the focus of this work is aiftsources, the error estimates derivedFig.

1c have been used to deriem error surface as shown kig. 1d. In Fig. 1d, the largest errors were
calculated for wind speeds > 8 it Fom all wind directions except the south-west sector. The lower
estimated error at high wind speeds from the south-isettie to the high proportion of wind angles from

that direction, which is the prevailing wind directio@verall, the pattern of concentration showiig. 1c



does not change much if estimated sampling errora@eunted for. In addition to the sample population
errors, errors are associated withe interpolation routine used. wever, these errors are small in
comparison with the sample population errors beeaover 95 % of the wind speed/direction cells are
populated with one or more measurements. Increasing the resolutton grfid spacing led to a smoother
plot rather than a plot with a different distrilmrti of concentration. Furthermore, the concentration
distribution was not found to be highéensitive to the interpolation technique used. These calculations do,
however, highlight the sample size necessary for the bieapolar plots to represent a particular source.

Nevertheless, care would need to be exercised when applying this approach to sparse data sets.
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Fig. 2 Dependence of sample size oa #tandard deviation of the mean N€oncentration for a wind

direction 180-220and different wind speed intervals at LHR2.

3. Results and Discussion

31 Spatial analysis

Bivariate polar plots for NQhave been derived for seven monitoring sites showsign3. Each of these
plots considers hours from 06:00-22:00, to maximise thg Ki@nal from aircraft sources. Appropriate
background N@ concentrations were subtracted, dstent with the assumptions shownTiable 2 with the
aim of highlighting potential airport sources. Most plots highlight elevated dd@centrations even at wind
speeds up to 10 mi*swhen the wind direction is from the airport. At Harlington and Hounslow NO

concentrations of between 30-56 m* are observed for wind speeds around 5-6'mor the sites to the



east of LHR (Slough, Green Gates and Main Road), and for wind speeds typically >3 NiDys
concentrations will be detected for ‘easterly operatianstake off east on the southern runway and landing

on the northern runway. This potentially explains the relatively high concentrations yofdd@ded at

Main Road (550 m from the southern runway) due taair¢aking off on that runway. Similarly, at Green
Gates, lower N@ concentrations might be expected because aircraft land on the northern runway during
easterly operations. On this basis, thexNOncentrations shown in theo8fh plot look anomalously high,
which might suggest the influence of other sources. FKirthié site at Oaks Roaalso highlights a potential
aircraft NQ; source, which is most apparent in the direction from 340-80aken together, these plots
appear to show the presence of ax\Ource in the direction of LHR that does not have the characteristics of
typical ground-level sources. However, the analisigualitative and does not prodei statistically robust

proof of the presence of aircraft sources. Section 3.3 seeks to quantify the presence of aircraft by applying a

statistical test.

Harlington

Hounslow 72

Green Gates

'] Oaks Road
I I I I ’q T I I
I S
Om 1000m 2000m 3000m 4000m

Fig. 3. Bivariate NQ polar plots for monitoring sites close to Heathrow Airport with background
concentrations subtractedg( m®). These plots are for hours from 06:00-22:00. The grey lines highlight

major roads and the two rectangles show thatlon of the northern and southern runways.
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The patterns of concentration observedFig. 3 depend on the choice of background site used for
subtraction. Ideally, background sites would be locatethe airport perimeter, directly upwind of the site
of interest. In most cases the choice of site was linlijethe availability of background sites. However, for
some sites there were several possible backgrouncasaéable for subtraction. The choice of background
site is important for two principal reasons. First, it is importantconfirm whether the pattern of
concentration generated in the bivariate polar plostrisngly affected by the choice of background site.
Second, in sectioB.4, background subtraction is used to estertae upper limit of the airport contribution
to NOx and NQ concentrations and the choice of backgroumel isi likely to affect the estimated airport
contribution. Fig. 4 shows the NQ bivariate polar plot for the Oaks R® site to the south of LHR with
three different background sites used for subwacfHounslow, Slough and Green Gates). The pattern of
concentration is similar foall cases with strong evidenoé high concentrations of NO(> 50 ug mi°) at
wind speeds > 8 ni'sand for wind angles from 350-70However Fig. 4 highlights that using Hounslow as

a site for background subtractiogabls to lower concentrations of N@han either Slough or Green Gates.
This result is expected because the Hounslowisiteore directly upwind of Oaks Road (d&€g. 3) and is
also in the same direction of central and inner Lond&intrajectories from that direction will therefore tend
to have a higher concentration of N@an from other directions, thus leading to lowendMN©®ncentrations

in the bivariate polar plot. Considering all thesedestit was assumed that the Hounslow site was the most
appropriate in this case. For other possible contibima of site pairs it was found that the pattern of

concentrations was not strongly affected by the choice of site used for background subtraction.

o
fA o]
il

o s 5 4 = 3
2

Background: Hounslow 2 Background: Slough Background: Green Gates
Fig. 4 Effect of choice of background site used for subtraction fox difdcentrations measured at Oaks

Road (1g m®) for data from 06:00-22:00.
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3.2 Wind speed and runway dependence

Section 2.2 highlighted that the wind speed dependence gfckentrations at airport-influenced sites is
markedly different compared with road sources. Beistion considers that dependence in more detail and
also aims to highlight how the pattern of runway ralion operating at LHR can be highlighted by data
filtering. To illustrate the effect on NOconcentrations of runway operation, hours were extracted for
westerly operation, which were further separated mudherly runway take off and southerly runway take
off. Data were also filtered by wind direction (SEable 2 and for hours between 06:00-22:06ig. 5
shows the results at LHR2 and Harlington and highdighe very clear difference between the two runway
operation modes. At LHR2, for example, the diffeebetween northern and southern runway operation is
clear: concentrations of NCare over a factor of two less when aircraft take off from the southern runway.
The difference is also clear at Harlington (1280and 2670 m from the northern and southern runways,
respectively). Considering northern runway take off, these results indicate that difDted by a factor of

approximately 5 between LHR2 and Harlington; a distance of 1 km.

Also highlighted inFig. 5is the wind speed dependence of Nior LHR2, Harlington and the Hillingdon

site that is dominated by a local road sourcee Hiilingdon results highlight that increasing wind speeds
decrease the concentration of NOBy contrast, the LHR2 and Harlington results show that concentrations

of NOx vary little in the wind speed range 2-12 th sThese results highlight the very different behaviour or
aircraft plume dilution compared with non-buoyant road traffic sources. Taken together, these characteristics

strongly suggest the presence of an aircraft sourcedhabe detected to at least 2600 m from the airport.
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Fig. 5. Wind speed dependence of Nédncentrations for LHR2, Harlingh and Hillingdon. All data sets
have been filtered by wind direction and a backgo concentration removed (see text). The LHR2 and

Harlington relationships show the effect on conions of different runway operation modes.

3.3 Detection of an aircraft NOx signal

There exist certain conditions where the detectiomifraft emissions at monitoring sites close to LHR
would be most likely and these can be used to appdyatistical test to determine whether they can be
detected in the ambient data sets. As discusseibpsty, these conditions include: filtering data by wind
direction such that emissions from LHR are upwind of the monitoring sites, selecting higher wind speed
conditions where the effect of ground-level sources such as roads are diminished, selecting hours of the day
(06:00-22:00) when aircraft activity is high, andnving a local background concentration to highlight
airport sources. Filtering for these conditions doeshm#tever, result in the unambiguous identification of

airport or aircraft emissions because of the remaining dominant effect of road tragfoNf@es.

A quantitative approach for detecting aircraft sourceEHR is to exploit the unique activity of aircraft
movements and in particular the pattern of runway atérn described in section 2.1 together with the data
filtering described above. A statistical test ¢mnconstructed that compares measurements qf Wi@n
aircraft take-off on the northerumway (and land on the southern rayy with take-off on the southern

runway (and land on the northern runway) for wédgteperation. These two modes of operation yield two

13



independent hourly data sets that can be analyseal tatistical difference between them because aircraft
take-off emissions are many timeglmer than taxing or landing emissidsse Herndon et al. (2004) and the

International Civil Aviation Organization (ICAO) emissions databankht#://www.caa.co.uf/ This

unique activity profile of aircraft movements at Heathrntwerefore results in emissions that vary spatially
and temporally in a way that is different from otlseurces such as road transport and thus distinguishes
them from other emission sources. Here, use is matee nonparametric Mann-Whitney U test for two
independent samples. This approach was chosegr thtin the t-test because the latter assumes normality,
which rarely exists in air pollution data set3able 2summarises the results of the test applied to the
monitoring sites and highlights the valueppthe probability that there is no difference in the means, and the

test statisticZ.

Table 2. Results of the Mann-Whitney tapplied to filtered data at monitoring sites

Site Winddirectiof ~ Background site P Z
LHR2 150-260 Oak&oad 0.000 64.8
Harlington 160-260 OakRoad 0.000 10.2
Hounslow 200-260 Oalkoad 0.000 6.2
Oaks Road 340-80 Hounslow 0.000 5.3
Main Road 80-170 Oaks Road 0.002 31
Green Gates 100-170 Oaks Road 0.000 35
Slough 100-170 OalRoad 0.803 0.3
Hillingdon 130-230 Oak&oad 0.268 1.1

Data in bold show results that are statily significant at the p=0.01 level.

Data have also been filtered by hour of day (06:00-22:00); wind speeds 2.3 m s

The strongest signal of aircraft emissions is at LHRZ¢lwIs not surprising given the proximity of this site

to the airport. At this site #re was also a large difference in NEncentration between aircraft taking off

or landing on the northern runway (136.2 vs. 4498m°). At other sites the difference in measuredxNO

due to aircraft operation is much less significant. At the Hounslow site, for example, the difference was 29.8
vs. 29.2ug m® and yet there is a highly statistically signifitalifference between the two modes of aircraft
operation. Only two of the monitoring sites did nlebw an indication of an @airaft source: Hillingdon and
Slough. The Hillingdon site is about 2 km from therthern runway and is dominated by a nearby
motorway source of NQ Because runway alternation is not used for easterly operation, it is difficult to use

this approach to detect aircraft sources to the eatsteohirport. It is not possible to say with confidence
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therefore, whether the concentration pattern shown for SlouBiyir8is due to the airport or other sources
of NOx. These results show that the unique pattermiafraft operation at LHR2 is a very effective
characteristic that can be used ttedethe influence of the airport evanlocations where the contribution

to NOy is small and dominated by other sources oikNO

It is possible that some of the resultsTiable 2could have arisen by chea because of variations in
meteorology and emissions that are not associatedtwétlairport. Therefore, as an additional check, the
Mann-Whitney test was also applied to a sample of 10 othermi@itoring sites across London more than
5 km away from LHR (5 background and 5 roadsidégithe same data filtering techniques to determine
whether there was a statistically significant difference tdugrcraft operation. At all of these sites p >0.1
suggesting that there was no statistically significant difference inddé@centration due to different runway
operation modes. These results provide strong evidérateaircraft emissionsan only be detected at

monitoring sites within a few km of LHR.

3.4 Quantification of airport contribution to concentrations of NOx

Estimates of the upper limit of the airport contribution toxNfan be made by considering the wind sector
where the airport is likely to have an effect dndremoving a background contribution. The choice of
background site and wirgkctor is shown ifiable 2 The estimate is an upper limit because of the presence
of other sources of NObetween the background site and the atalysed. In the case of LHR2, the upper
estimate should also be a best estimate becauseattgevery few other sources between LHR2 and Oaks
Road. For all the other sites, there are other sourcesifally roads) that would also contribute. A better
estimate of the airport contribution is likely to be made by filtering for wind speeds >'3 ifhe filtering

has the effect of reducing the influence of road sousdéle maximising aircraft sources. This approach is,

however, an approximation and dispersion modellingldbe needed to reduce the uncertainty.

An upper limit to the airport contribution to N@oncentrations has also been estimated, as showabie
3. At LHR2 it is estimated that the airport contributes 35g0m?* (27.3 %) of the total measured NO

which is similar to the NQ contribution. This estimate yields a WOy ratio of 0.44. Estimates at
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Harlington and Hounslow were similar, and contributed 17.4 and 18.0 % of the totah&i8ured as an
upper limit at these sites, respectively. Using the 3'miad speed filtering suggests that a contribution of
about 10 % is probably closer to the actual contrilputit these two sites. These results also show that NO
accounts for a greater proportion of the total,MiGan for NQ at Harlington and Hounslow (ca. 10 vs. 18
%). This is probably because the airport plume ita@nd that there is enough time for the plume to be

well-mixed and for NO to react with ozone to form NO

Table 3. Estimated upper limit of airport NCGnd NQ contribution to measured NOand NQ

concentrations.

Location Upper limit for airport Upper limit for airport NOx range (g Upper limit for airport
NOx contribution ig NOx contribution (%)  m?)* NO, contribution g
m?) m?)

LHR2 33.9 26.7 21.839 15.0

Harlington 9.9 14.0 5.7-9.9 6.6

Hounslow 9.5 12.0 5.7-9.5 6.5

Green Gates 3.0 4.0 1.1-3.0 1.5

Main Road 7.1 8.8 33-7.1 4.2

Slough 1.8 2.6 1.7-1.8 15

Oaks Road 5.9 8.9 2.2-5.9 2.0

*numbers in bold are considered to be closest to the actual contribution.

Although it is not the focus of this paper, higumeasurements of particulate matter belowufr®diameter
(PM;) made by the Tapered Element Oscillating Microbe¢a(TEOM) technique were available at LHR2
and Oaks Road, which enabled similar analyses to be undertaken feraPNor NQ. The overall
contribution made by aircraft to Ryconcentrations is small, but can, however, be detected in a statistically
significant way by considering the variation in RMoncentrations by runway alternation. The same
methodology used to calculate the contribution that airport Bidissions was also applied to BM The
analysis was based on the use of TE@Mruments located at LHR2 and Oaks Road. It is estimated that at
LHR2 a contribution of 0.f,g m* due to the airport out of a total of 2u§ mi®i.e. 4.2 % of the total. It is
useful to compare the PYINO ratio calculated from these results besmathe ratio can be compared with
that of road transport sources. A mean;NDOy ratio of 0.015 (on a mass basis) was estimated, which is

lower than that for road traffic exhaust emissions of 0.041, based on average vehicle emissions across the
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LAEI for 2002. This is consistent with the interf@tion that aircraft are a more important source offNO

than PMy compared with road traffic.

4, Conclusions

A major factor that will determine whether a thithway is built at London Heathrow is the compliance
with the EU annual mean Directive for lOThe complexity of N@ sources close to Heathrow makes it
difficult to undertake source apportionment analysiserBthough Heathrow is amportant emission source
of NOx, concentrations of NQclose to the airport are dominated tmad traffic sources. Detecting and

guantifying the contribution made by the airport to local concentrations gfisN\tBerefore difficult.

A graphical technique has been developed, extgndie work of Yu et al. (2004), which can help
discriminate between sources of N@mitted at ground level with little aro buoyancy (e.g. road traffic)
and sources of NPwith significant amounts of buoyancy (e.g. aircraft and large point sources). Bivariate
polar plots have been derived that extend the idg@laftion roses by also accounting for wind speed. lItis
shown that for a small network of monitoringesit where enough sites exist to subtract a background
concentration, that bivariate polar plots affedive at highlighting the presence of aircraft Né€missions.

By removing a local background contribution a muaacér indication of airport source characteristics can
be gained, such as the wind speed dependence offtajetrplumes. Although bivariate polar plots have
been used in this work to distinguish between sggiwhere plume buoyancy is important or not, they are
useful in other situations where there is a compl&tiomship between the condeation of a species, wind
speed and direction. Examples include complex dlanvstreet canyon locations, where the presence of
building can affect the flows in a complex manned particle sources where wd-blown re-suspension is

important and where particle concexttons can increase with wind speed.

The unique activity profile of aircraft movements at Heathrow has been exploited to discriminate between
airport and other sources of NOIn particular, the two runways at Heathrow alternate in their use daily and
weekly and this contrasts with the pattern of actitity road transport, which is the major contributor to

NOy emissions and concentrations close to the airpdhe aircraft activity patterns can be used together
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with other data filtering techniques that maximise thespality of observing aircraft sources, to quantify
whether aircraft emissions can beatéd in hourly measurements of N&d NQ. It is found that aircraft

NOy emissions can be unambiguously detected at monitsifeg at least 2.6 km from the airport. Close to
the airport boundary downwind of the prevailing wind direction, we find that the airport accounts for 27 % of
the measured NO However, at about 1.0-1.5 km it is estimatiealt the airport contribution is diluted by a
factor of about 5 and the airport accounts for 12-14 % of the measurge@dtNfese locations. However,
because of the presence of other sources (primarilytrafiit), estimates made beyond the airport boundary

are considered to be upper limits and the acoiatribution will be less than these estimates.

This work has also highlighted the contrasting wind syukgaendence of road traffic and aircraft plumes. In
the case of aircraft it is found that approxinhateB0 m from the runway, concentrations of N@ary little
across a wind speed range from 2-12n Shese results indicate that the buoyant nature of aircraft plumes
is an important characteristic that should be acealfdr in dispersion modelling studies. These results
should also provide an effective additional means dfl&ang dispersion models used for the prediction of

concentrations in the vicinity of airports.
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