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Abstract. High-resolution and accurate air quality concentration data are needed for detailed exposure and health effects
calculations. Simulating such data numerically requires realistic treatment of both local emissions and background
concentrations transported from further afield. This study combines regional and urban scale modelling and uses adjusted
emission factors for NO, and NO, and non-exhaust emission rates of PM,, and PM, 5 to reflect real-world emissions more
accurately. Three modelling approaches have been used to simulate air quality in 2012 across London: a regional chemistry-
climate model with 5 km horizontal resolution and gridded emissions; a local dispersion and chemistry model with explicit
road source emissions; and a coupled regional-to-local modelling system combining the two individual models. The
performance of each of the models is assessed against measurements from background and near-road sites in London in
terms of annual averages, high hourly average concentrations and diurnal cycles. The regional model shows good agreement
compared to measurements for background sites for these metrics but under-predicts concentrations of all pollutants except
O; at near-road sites due to the low resolution of input emissions and calculations. The urban model, using measured
concentrations as regional background, and the coupled model show similarly good agreement for most pollutants at both
background and near-road sites. Using the coupled model, it is estimated that 13% of the area of London exceeded the EU

limit value of 40 ug m™ for annual average NO, in 2012.

1 Introduction

Poor air quality has long been recognised as having adverse effects on health. Particulate pollution in the UK has been
assessed as causing a loss of life expectancy from birth of approximately six months (COMEAP, 2010), while air pollution
in the WHO European Region was estimated to cause 600 000 premature deaths in 2010 (WHO, 2015). Improved
understanding of these health effects requires additional information about air quality, especially in urban areas where high

pollutant concentrations coincide with high population densities.

Continuous air quality measurements, for example from the UK Automatic Urban and Rural Network (AURN, Defra 2017),

are typically carried out at a limited number of fixed locations in an urban area and are expected to be representative of
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‘several square kilometres’ for urban background locations (EC Directive, 2008). In addition short-term intensive campaigns
making use of specialist monitoring equipment, as for example carried out for the ClearfLo project (Bohnenstengel et al.,
2015), are of great value for detailed assessment of model performance and underlying processes, whilst sampling equipment
can also be carried by moving vehicles or individuals for short-term detailed studies. In contrast to measurements, air quality
or atmospheric chemistry transport models, evaluated with the above data, allow pollutant concentrations to be simulated

with complete spatial-temporal coverage, allowing detailed calculations of population exposure (Smith et al. 2016).

Air quality models require accurate input emissions data to make reliable predictions of ambient concentrations. However in
the last decade, it has become clear that measured NO, and NO, concentrations have not decreased as fast as would have
been anticipated from published emission factors (Carslaw et al., 2011). Several measurement techniques for direct
assessment of on-road tailpipe emissions, as reported by Carslaw and Rhys-Taylor (2013) and O’Driscoll et al. (2016), have
confirmed differences from the official emissions estimates (EFT, Defra 2016). In-service emissions performance evaluation
of Euro 6/V1 vehicles (Moody and Tate, 2017) indicated that whilst Euro VI heavy duty vehicles and Euro 6 petrol light duty
vehicles are performing as predicted, Euro 6 diesel light duty vehicles emit NO, at rates exceeding the published data, by
factors of up to 4.5.

There is further uncertainty in the rates of particulate emissions from road vehicles due to wear of tyre, brake and road
surfaces and resuspension of pre-existing particulates (Thorpe and Harrison, 2008). Particulate exhaust emissions have
decreased considerably in recent years, primarily due to the introduction of diesel particulate filters, so the relative
contribution of non-exhaust PM,, and PM, 5 to total traffic emissions is now considerable, of the order of half of the total

‘exhaust’ (Grigoratos and Martini, 2014).

Atmospheric chemistry models that simulate air quality vary in complexity in terms of the scales and processes represented.
Global and regional models use gridded emissions data to calculate transport and chemistry over global or regional
modelling domains, such as EMEP/MSC-W (EMEP, Simpson et al., 2012) used in this study. Models on a smaller scale
apply detailed transport and fast chemistry processes to individual sources, such as ADMS-Urban (Owen et al., 2000) also
used in this study. Global and regional air quality models typically use detailed chemistry schemes whilst urban models
typically only represent fast chemistry, such as O3-NO, chemistry which is relevant for pollution concentration gradients
across urban areas. Some hybrid process-statistic based approaches have also been developed, where measured concentration
data is used to constrain modelled concentrations in order to reduce uncertainties, for example those described in Stedman et
al., 2001 and Sokhi et al., 2008.

Urban dispersion models typically use measured upwind rural concentrations to represent long-range transport. This is a
successful approach for modelling historic periods but has limited applicability for assessing future scenarios, including
those related to climate change or the local effects of regional emissions changes. An alternative method (Stocker et al. 2012,

2014) is to combine regional modelling with urban local modelling in order to take into account both short-range and long-
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range transport and chemistry effects, whilst avoiding “double-counting” the gridded and explicit emissions. The balance
between regional and local influences differs according to the pollutant lifetime. For example, concentrations of ozone and
particulates, which have lifetimes at the surface of days to weeks, are strongly influenced by regional emissions and
transport, whereas concentrations of NO,, with a surface lifetime of around 1 day, are primarily related to the dispersion and

chemical transformation of local emissions.

The overall methodology for the detailed evaluation of air pollution concentrations across London for 2012 using a coupled
regional-urban model is described in Sect. 2 with details of the measurement data, models and emissions. Sect. 3 gives the
results of the model evaluation against measured concentrations while Sect. 4 discusses the results in relation to air quality in
London and the different modelling methods.

2 Methods

This paper presents a detailed evaluation of air pollution concentrations across London for 2012 using a coupled regional-
urban model (described in Sect. 2.4), which comprises a regional version of the EMEP atmospheric chemistry transport
model, EMEP4UK (Sect. 2.2), and the ADMS-Urban local dispersion and chemistry model (Sect. 2.3). The coupled model is
evaluated alongside the stand-alone implementations of the two underlying models. The evaluation exercise compares
modelled concentrations of NO,, NO,, Oz, CO, PMy, and PM,s with measured hourly concentrations from up to 42
automatic monitoring sites within Greater London for the year 2012, described in Sect. 2.1. The model simulations use road
vehicle emissions of NO,, NO, and particulates which have been adjusted in line with real-world emissions measurements.

The emissions data, including the raw 2012 emissions, adjustments and time variation, are described in Sect. 2.5.

2.1 Measurement Data

The monitoring sites selected for the model evaluation were those from the London Air Quality Network (LAQN, Mittal et
al., 2017) located within Greater London that had at least 70% data capture of hourly data during 2012 for PMyy, PM, 5, CO
or at least two of NO,, NO, and Os. A summary of site numbers by type is given in Table 1 and site locations of NO, and O3
monitors presented in Fig. 1. Note that all the map plots in this paper adopt the polar stereographic coordinate system as used

in EMEP4UK, with an approximately 30° anti-clockwise rotation of axes compared to standard UK OSGB coordinates.

2.2 Regional-scale Modelling: EMEP4UK

EMEP4UK is a nested regional application of the EMEP MSC-W (European Monitoring and Evaluation Programme
Meteorological Sythesizing Centre-West) model, focused specifically on air quality in the UK. The main EMEP MSC-W
model has been widely used for both scientific studies and for policy making in Europe. A full technical description of
EMEP MSC-W, including references to evaluation and application studies, is available in Simpson et al. (2012), Schulz et al.
(2013), and at http://www.emep.int. EMEP4UK is described in Vieno et al. (2010, 2014, 2016ab); the version used here is
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based on v4.5. It uses one-way nesting from a 50 km x 50 km resolution greater European domain to an inner 5 km x 5 km
domain which covers the British Isles and nearby parts of continental Europe, both in a polar stereographic projected
coordinate system, as shown in Figure 2. The model has 21 vertical levels extending from the surface to 100 hPa, with the

lowest vertical layer 50 m thick, meaning that modelled surface concentrations represent a height of around 25 m.

The gaseous chemical scheme used in EMEP4UK in this study is the CRI-v2-R5 mechanism (Watson et al. 2008), which has
220 species and 609 reactions. It is used in EMEP4UK along with the MARS equilibrium module for gas—aerosol
partitioning of secondary inorganic aerosol (Binkowski and Shankar, 1995; Simpson et al., 2012) and a treatment of
secondary organic aerosol formation using the volatility basis set approach. Dry (including stomatal) and wet deposition of
gases and particles is simulated. Sixteen land cover classes are used for dry deposition modelling and for the calculation of
biogenic emissions. Ozone boundary conditions are based on the approach in Simpson et al. (2012), scaling a monthly
climatology with clean air measurements at Mace Head. Initial and boundary conditions of all other species are specified as

fixed functions of latitude and time of year.

The chemistry transport model was driven by meteorological output from the Weather Research and Forecasting (WRF)
model version 3.6.1 (Skamarock et al., 2008; NCAR, 2008) including data assimilation of 6-hourly meteorology from the
European Centre for Medium Range Weather Forecasting ERA-Interim reanalysis (Dee et al., 2011). The WRF
configuration was as follows: Lin Purdue for microphysics; Grell-3 for cumulus parameterization; Goddart Shortwave for
radiation physics; and Yonsey University (YSU) for planetary boundary layer (PBL) height. Land use categories were based
on the MODIS IGBP classification. This WRF configuration is similar to that discussed in Vieno et al. (2010), where it is
shown to perform well in comparison with measurements. An evaluation of the WRF-EMEP4UK modelling system against
measured gaseous and particulate pollutant concentrations across the UK for 2001 to 2010 is given by Lin et al. (2017),
while Ots et al. (2016) compares WRF-EMEP4UK air quality simulations with detailed measurements of secondary organic
aerosols made in London during the 2012 ClearfLo campaign.

2.3 Urban-scale Modelling: ADMS-Urban

The Atmospheric Dispersion Modelling System (ADMS, Carruthers et al., 1994) is a quasi-Gaussian plume air dispersion
model able to simulate a wide range of passive and buoyant releases to the atmosphere. The dispersion calculations are
driven by hourly meteorological profiles of wind speed and direction, among other parameters, which are characterised using
Monin-Obukhov length similarity theory; meteorological input data may be derived from measurements or output from a
mesoscale model such as WRF. ADMS is a local dispersion model, able to resolve concentration gradients that occur in the
vicinity of a range of emission source types, including point, jet, line, area and volume sources. The modelling of dispersion

and chemistry for source emissions is independent of the calculation grid resolution.

The ADMS-Urban model has been used to simulate air quality within cities worldwide; applications include testing of

emission-reduction scenarios and forecasting (Stidworthy et al., 2017). Emissions from all sources within the model domain

4



10

15

20

25

30

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1202 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 14 February 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License.

Discussions

are included, either explicitly with detailed time-varying profiles, for instance major road and industrial sources, or as grid-
averaged emissions, representing diffuse sources such as those from heating and minor roads as a grid of regular volume

sources, with simpler time variation.

The flow field that drives dispersion of pollutants within an urban area is inhomogeneous. On the neighbourhood scale,
buildings displace the upwind wind speed profile and reduce in-canopy wind speeds. ADMS-Urban has an ‘urban canopy’
flow field module, which calculates wind speed and turbulence flow profiles that relate to the spatial variation of the surface
roughness length, z,. Locally, if street canyons are formed by densely packed tall buildings, it is important to model the
complex combination of recirculating and chanelled flows; ADMS-Urban includes two street canyon formulations: the
‘basic’ street canyon module and the ‘advanced’ street canyon module. The basic street canyon module in ADMS-Urban is
derived from the Danish model OSPM (Berkowicz et al., 1997) and has been validated against Danish and Norwegian data.
It uses a simplified flow and dispersion model and is able to represent the recirculation of flows within a street canyon. The
advanced street canyon module is able to model the channelling of flow along a street canyon, to represent asymmetric street
canyons, to represent the effect of pavements within a canyon and to calculate the effect of a street canyon on the
surrounding area. The module has been validated extensively by comparison with measurements from monitoring networks
in Hong Kong and London (Hood et al., 2014).

For this project 3D buildings data and road centreline locations from Ordnance Survey MasterMap (Ordnance Survey, 2014)
were processed for use in ADMS-Urban, as described in Jackson et al. (2016), although using the EMEP4UK polar
stereographic projected coordinate system. The inputs to ADMS-Urban take two forms: gridded building height and density
parameters for urban canopy flow field calculations; and street canyon properties for each side of explicitly modelled road
sources. Fig. 3 shows the variation of average building height over the Greater London area, which is used to determine the
local roughness length for flow calculations.

Other processes modelled in ADMS-Urban include a NO, photolytic chemistry module, which accounts for fast, near-road
oxidation of NO by O3 to form NO, (Smith et al., 2017), flow over complex terrain (Carruthers et al., 2011), and gaseous and
particulate wet and dry deposition. In this study ADMS-Urban version 4.0.4 was used for the stand-alone runs, with
emissions covering the Greater London area. The stand-alone runs use measured meteorological data from Heathrow for the
whole domain, while measured background concentrations from rural sites upwind of London represent long-range pollutant

transport.

2.4 Coupled Regional-to-Urban scale model

At short times after release of a pollutant from a source, concentration gradients due to releases from that source are high and
a street-scale resolution model such as ADMS-Urban is needed to capture the fine details of dispersion and fast chemistry,
for instance at roadside locations. At longer times after release, pollutant concentration gradients are reduced by mixing and

a gridded regional model that accounts for long-range transport and detailed chemical transformations simulates these
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processes adequately. These models may be coupled within a single system. However, the computational linkage process is
non-trivial in order to avoid double-counting of emissions and to ensure that the chemical processes are accounted for at all

time scales.

The underlying concept for coupling the regional and urban scale models, described in Stocker et al. (2012), is to use the
local urban model to represent the initial dispersion of emissions up to a mixing time, typically one hour, after which the
emissions are considered well-mixed on the scale of the regional model grid. The final modelled concentrations are
calculated by subtracting output from an ADMS-Urban run with gridded emissions, limited to the truncation time, from the
regional model output, thus avoiding double-counting emissions, before adding the output from an ADMS-Urban run with
explicit emissions, also limited to the truncation time. Additional steps calculate local background concentrations from the
regional model for the main ADMS-Urban runs, to ensure that the long-range transport is adequately represented for
chemical processes. The initial implementation of an automated coupled system using ADMS-Urban and the CAMXx regional
model for Hong Kong is described in Stocker et al. (2014), with evaluation against monitoring data. For the work described
in this paper, the coupled ADMS-Urban Regional Model Link (RML) system was further developed to allow the ADMS-
Urban runs to be carried out using the ARCHER UK National Supercomputing Service. In the coupled system, meteorology
and background concentrations are extracted and used as inputs for separate ADMS-Urban runs for each 5 x 5 km

EMEP4UK grid cell, leading to spatially varying meteorology and background concentrations across the modelling domain.

ADMS-Urban version 3.4.6 was used in the coupled system for this study. There are no differences relevant to this study

between this version and the standalone version.

2.5 Emissions Data
2.5.1 2012 emissions

EMEP4UK uses anthropogenic emissions of NO,, NHs, SO,, primary PM,s, primary coarse PM (PM;5.10), CO and non-
methane VOC. Emissions from the UK are derived from the National Atmospheric Emission Inventory (NAEI, Tsagatakis et
al., 2016) for 2012 at 1 km resolution and aggregated to the model’s 5 km % 5 km grid. Within Greater London these NAEI
emissions are replaced by the emissions prepared for ADMS-Urban as described below. Outside the UK, EMEP4UK uses
2012 anthropogenic emissions provided by the EMEP Centre for Emission Inventories and Projections (CEIP, www.ceip.at/)
at 50 km resolution. Shipping emission estimates for seas around the UK are derived from ENTEC (2010), projected to
2012. The anthropogenic emissions are distributed vertically within the model according to their Selected Nomenclature for
Atmospheric Pollutants (SNAP) sector. Biogenic emissions of isoprenes and monoterpene are calculated at each time step
according to insolation and surface temperature (Guenther et al., 1995). Emissions of wind-driven sea salt and NO, from
soils are also calculated interactively as described by Simpson et al. (2012), whereas lightning NOx emissions are prescribed.
Import of Saharan dust is treated using a monthly dust climatology as a model boundary condition. Resuspension of settled
dust by wind is not included.
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For ADMS-Urban the emissions for all sources except road traffic for have been taken from the London Atmospheric
Emissions Inventory (LAEI) 2010 (GLA, 2013) for the LAEI domain, which covers the area bounded by the M25 orbital
motorway. The emissions have been projected from the LAEI base year 2010 to the modelling year 2012. Road traffic
emissions have been calculated using activity data from the LAEI. The emission factors used to calculate emission rates are
based on the UK NAEI 2014, which includes speed-emissions data from the COPERT 4 version 10 software tool (Katsis et
al., 2012). However, due to uncertainties in NO, emissions factors for some diesel vehicles and non-exhaust particulate
emission factors, adjustments have been made to the published factors to improve consistency with real-world emissions
measurements. The adjustments are discussed further in Sect. 2.5.2 and their effects on the modelled concentrations
examined in Section 3.1.

The NAEI and LAEI emissions are supplied as a regular, orthogonal 1 km resolution grid in the OSGB coordinate system.
The use of the EMEP4UK model in this study requires a conversion to the polar stereographic coordinate system, with re-
aggregation onto a grid with a different orientation. This causes some loss of precision in the location of emissions, which is
more acute for the ADMS-Urban runs with 1 km gridded emissions than for the EMEP4UK runs with 5 km grid resolution.
The average 1 km gridded emissions are reduced by around 5% as a result of the re-gridding process. For consistency, the

stand-alone local model runs have used the same coordinate system as EMEP4UK and the coupled system in this study.

2.5.2 Road traffic emissions factor adjustments

A significant cause of the discrepancies in NO, and NO, emission rates between published figures and real-world
measurements is the difference in driving conditions between standard test cycles and real journeys, especially those in
congested urban traffic (Franco et al., 2013). The discrepancies in European vehicle emission rates are expected to begin to
decrease due to recent legislative changes (Commission Regulation (EU) 2016/646) which require the use of urban driving
cycles and real-world assessment for emissions testing. Emission factor adjustments are still likely to be necessary for
modelling older vehicles which will remain in the active fleet.

Measured volume ratios of NO, and NO, to CO, emissions (a proxy for fuel usage) have been compiled for a range of
vehicles, categorised by Euro emission standard and size, with corresponding speeds by Carslaw and Rhys-Tyler (2013).
Measurements were taken at four sites, representing roads in central and outer London. Additional data from bus monitoring
campaigns is provided in Carslaw and Priestman (2015) and used for buses running with Compressed Natural Gas fuel. For
this study, to make use of these measured data to improve road traffic emissions, the Emissions Inventory Toolkit (EMIT,
CERC 2015) software was used to calculate standard ratios of NO, to CO, emissions from the raw NAEI dataset for
different vehicle types and Euro classes, for average speeds as available in the measured data. 22 vehicle categories were
used for light vehicles and 17 categories for heavy vehicles, with scaling factors calculated from the measured data ranging
from 0.80 for Euro |1 buses to 3.32 for Euro IV buses with Selective Catalytic Reduction (SCR). These scaling factors were

used to recalculate NO, emission rates. This methodology assumes that the standard CO, emissions factors are substantially
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more accurate than the NO, factors, although the former also contain uncertainties. Diesel cars, which make up 41% of the
London car fleet (excluding taxis) for 2012 are calculated to have fleet-weighted emissions of NO, 31% higher due to the
adjustment. Over all road traffic sources in London, the adjustments to emission factors caused an increase in total annual
NO, emissions of 55%. The standard primary fraction of NO, emitted as NO, is retained for each vehicle class, but as the
NO, emissions adjustment varies between vehicle classes, the total NO, emissions do not increase by the same proportion as
the NO, emissions.

Estimates of emission factors used to represent non-exhaust particulate components are relatively unrefined, for example the
EMEP/CORINAIR non-exhaust factors use a linear speed-emissions profile and a maximum of ten vehicle categories, in
contrast to the hundreds of vehicle categories used for exhaust emissions classification. Analyses of roadside measurements
demonstrate that the contribution from brake wear in particular is considerably higher than the published factors (GLA,
2016).

Non-exhaust particulate emission factors were adjusted based on work by Harrison et al. (2012), who analysed
measurements of speciated and size-segregated particulates at the Marylebone Road monitoring site and nearby urban
background sites, made during four month-long campaigns between 2007 and 2011. Non-exhaust emissions were found to
contribute 77% of the total traffic-related particulate emissions, with 55% of the non-exhaust attributable to brake wear and
smaller proportions from resuspension of road dust and tyre wear. Assuming that the standard exhaust emission factors are
reliable, the non-exhaust emission factors were scaled in EMIT in order to make up 77% of the total traffic emissions and to
have the correct proportionality between the different components. This is consistent with the approach taken in the LAEI
2013 (GLA, 2016). Applying these adjustments increases the total annual PM 1 emissions from road traffic sources by 45%.
Basing the adjustment of all road non-exhaust emissions on measurements from one site is an approximation, but it is still

expected to improve the overall estimates of non-exhaust emissions due to the substantial uncertainty in the standard factors.

The adjusted emissions that reflect real-world conditions as well as possible are hereafter referred to as “real-world”
emissions. The total emissions for the LAEI area are summarised by sector in Table 2, including the effects of the
adjustments to road transport emissions. Note that CO emissions are unaffected by the road traffic adjustments. A graphical

representation of the emissions used in ADMS-Urban is shown in Fig. 4.

2.5.3 Time-variation of emissions

In addition to annual average emission rates, it is important for models to capture the temporal variation of emissions in
order to represent the short-term variation of concentrations. Within EMEP4UK, the 2012 annual total anthropogenic
emissions derived from the inventories are resolved to hourly resolution using prescribed monthly, day-of-week, and diurnal
hourly emissions factors (the latter differing between weekdays, Saturdays, and Sundays) for each pollutant and for each of
the SNAP sectors (Simpson et al., 2012).
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The stand-alone local model implementation uses an hourly time-varying profile for weekdays, Saturdays and Sundays for
all explicit road sources and for aggregated emissions. This time-varying profile is based on a long-term analysis of NO,
measurements in central London (Beevers et al., 2009). The ADMS-Urban runs with gridded emissions within the coupled
system use a simplified version of the EMEP4UK monthly and hourly time-varying profiles for NO, and PM, combined
using a weighting by total emissions for each sector, while runs with explicit emissions use the same profile as in the stand-

alone implementation for explicit road sources.

3 Results

Sect. 3.1 assesses the impact of the emissions adjustments on simulated concentrations using the stand-alone ADMS-Urban
local model. Sect. 3.2 presents the spatial variation of annual average NO,, O; and PM,5 concentrations across London
predicted by the coupled modelling system while Sect. 3.3 gives detailed evaluation statistics for the regional, local and
coupled models based on hourly concentration data for all modelled species. Sect. 3.4 presents additional analysis of the
annual average modelled and measured concentrations while Sect. 3.5 concerns the hourly average concentrations and
diurnal cycles for NO,, NO, and Os. The regulatory standards for NO,, which are defined for annual average and maximum

hourly concentrations, have driven this study’s focus on these two averaging periods.

3.1 Impact of emission adjustments on modelled concentrations

The effect of the adjustment of road traffic NO, and PM emissions to reflect real-world conditions on all simulated species is
shown for background and near-road site types across London in Table 3. This comparison was performed as a preliminary
assessment using simulations from the stand-alone ADMS-Urban local model since for this model measured background
concentrations are utilized. So, of the three model systems considered, model errors are the most closely associated with
local emissions for this model. The statistics presented are fractional bias (Fb), normalised mean square error (NMSE) and
correlation coefficient (R).

The CO concentration results show negligible changes due to the adjustment of emissions, as expected, since CO emissions
were not changed. For NO,, NO,, O3 and PM,, the emission adjustments result in substantial concentration changes and
improvements in Fb and NMSE, especially for near-road sites. For NO, the concentrations are increased, with Fb values
reduced from around -0.3 to close to zero for near-road sites and NMSE reduced substantially; there are smaller
concentration and statistics changes for NO,. The change in NO, concentrations at background sites (+23%) is similar to the
change in total emissions (+29%, Table 2), reflecting the direct link from emissions to concentrations for NO,. The change in
NO, concentrations at background sites (+18%) is smaller than both the NO, emissions change (33%) and the NO,
concentration change, since emitted NO, contributes only a relatively small amount to total NO, and due to the time required
for chemical processes to convert NO to NO, which means the response of NO, concentrations to NO, emissions is less than
linear.
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For O5 the impact of the adjusted NO, and NO, emissions leads to lower concentrations and reduces the Fb from 0.16 to 0.02
for near-road sites, although there is little change in the NMSE. For PM, concentrations are higher, so the magnitude of the
negative Fb values is smaller when using the adjusted emissions, whilst NMSE values are lower over near-road sites but not
background sites, which are dominated by regional PM. The large relative contribution of regional PM also causes the
concentration changes (2 — 15%) to be substantially smaller than the emissions changes (25 — 30%) for these pollutants. For
PM, s the small over-estimate of concentrations is increased by the emissions adjustment: Fb increases at near-road sites
from 0.02 to 0.09. For all species the correlation coefficients remain very similar when using adjusted emission compared to
the raw emissions, consistent with the correlation being influenced mainly by the variation in the relative magnitude of
concentrations over time, not by their absolute magnitude.

All remaining model results presented in this section use the adjusted road traffic emissions.

3.2 Spatial variation of NO,, O3 and PM across London

Annual average contour plots of concentrations for NO,, Os; and PM, s produced from the coupled regional-to-urban model
using the adjusted emissions data are shown in Figs. 5 to 7. The influence of the M25 London orbital motorway is clearly
visible for all three species. The corresponding monitored data is overlaid as coloured points. For NO,, the highest
concentrations (over 100 pg m™ in central London) are found near busy roads, while away from roads the concentrations
increase from around 20 pg m™ outside the M25 to around 50 pug min the centre of the urban area. Across London, 333 km?
(13%) of the 2690 km? urban area within the M25 motorway, excluding road carriageways, exceeds the EU annual average

limit value of 40 pg m™ for NO,, as shown by the yellow, orange and red colours in Fig. 5.

Annual average O, concentrations show an inverse pattern to NO,, with low concentrations near busy roads (< 25 pg m~)
and in the centre of the urban area, due to the effects of titration of O3 by NO. There is no relevant limit value for annual
average O3 for comparison. PM, 5 concentrations show more uniform background concentrations throughout the urban area,
with steep increments near roads. A negligible fraction of the urban area (0.003%) exceeds the annual average limit value of
25 pg m* for PM,s, as shown by the predominantly blue and green colours in Fig. 7. A corresponding plot for PMq
concentrations, showing very similar patterns to PM,s and negligible exceedences of the annual average limit value of

40 pg m, is given in Fig. Al.

Overall, the pollutant distributions are closely related to the locations of explicit emissions sources and are also in good
agreement with the spatial variation of observed concentrations, especially when viewed at street-scale resolution. The
comparisons between modelled and monitored concentrations are discussed in more detail in the following sections.

3.3 Evaluation statistics for NO,, O3, CO, PM;, and PM, 5 for regional, local and coupled models

The performance of the regional EMEP4UK, local ADMS-Urban and coupled models has been assessed using evaluation

statistics calculated from hourly concentrations of each pollutant. Table 4 gives statistics for NO, and NO, at all of the 42
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background and near-road sites at which they are measured, while Table 5 gives statistics for O;, NO, and NO, at the 20
sites where Os is measured, in order to allow detailed analysis of these closely-related pollutants at a consistent set of sites.
Table 6 gives corresponding statistics for CO and Table 7 for the particulate pollutants PMyo and PM;s. An additional visual
representation of model performance, plots of NMSE against Fractional Bias, is given in Fig. A2. The statistics include those
presented for the emissions adjustments in Table 3 (Sect. 3.1) but additionally: the fraction of modelled hourly
concentrations within a factor of two of observations (Fac2); and the Model Quality Indicator (MQI, Thunis and Cuvelier
2016) developed through the Forum for air quality modelling in Europe (FAIRMODE, Janssen et al. 2017) as an overall
metric of model performance taking into account the measurement uncertainty. The MQI is defined as the ratio between the
model bias and twice the measurement uncertainty (scaled from the estimated measurement uncertainty at the relevant limit
value); values less than 1 are considered to fulfil the modelling quality objective. This statistic is not defined for NO, or CO
as there are no EU limit values for NO,, whilst CO is typically well below the EU limit value so is not normally assessed.

The observed and modelled values of Robust Highest Concentrations (RHC) are also presented. The RHC gives an

indication of the performance of the model for high hourly concentrations and is defined as:

X0 + (x = xm) n (), (2)

where n is the number of values considered as the upper end of the concentration distribution, y is the average of the n — 1
largest values and y(n) is the nt" largest value. The value of n is set to 26, as used in Perry et al. (2005). If this value is
calculated from all observed or modelled data, it is likely to be dominated by the highest values at a single site, so the
approach of averaging individual site values over all sites has been taken in order to calculate more representative values for

high observed and modelled concentrations.

The average measured NO, and NO, concentrations are lower for sites with Oz measurements (shown in Table 5) compared
to all sites (Table 4), as there are a lower proportion of near-road sites with Os. However the general findings are the same
for both sets of sites. The regional EMEP model under-estimates NO, and NO, at near-road sites, as expected for a model
using 5 x 5 km gridded emissions. The stand-alone ADMS-Urban model and coupled ADMS-Urban RML system show
broadly similar performance for the gaseous pollutants, indicating that the regional model is performing well at simulating
the local background gaseous concentrations. For NO, and NO,, the Fb and NMSE values are much lower when simulated
by the stand-alone and coupled models than for the regional model, due to the dominant influence of local emissions in
determining concentrations for these short-lived species. Correlation coefficients are also higher, with values of around 0.68
for both species for the stand-alone and coupled model simulations, and a similar increase in Fac2. The MQI values for all
models except EMEP are less than 1 for NO,, indicating achievement of the FAIRMODE model quality objective. The
modelled RHC show both stand-alone and coupled models have good performance in the prediction of peak NO,

concentrations. However these models underestimate peak NO, values and have values of Fb for NO, greater than those for
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NOXx , suggesting some over-prediction of NO, relative to NO, in general This may be due to an over-estimate of the
assumed fractions of NO, emitted as NO,.

The Fb values for Oz concentrations from the urban and coupled models are also low (0.001-0.02); whilst the NMSE, R
values and Fac2 results are fairly similar when comparing all three models to measurements. This reflects the significant
contribution of regional background O3 concentrations to the local concentrations within the urban area. The lower values of
MQI for the urban and coupled models show improved overall model performance due to the inclusion of explicit sources.
All three modelled RHC values are lower than the observations indicating that although the annual average Os;
concentrations are over-estimated, the highest hourly concentrations are under-estimated. This may be due to additional
short-term chemistry effects, for instance those caused by large increases in biogenic emissions in hot conditions (Guenther
et al., 2006), which are not well captured by the models.

Despite no adjustment being made in the emission rates for CO there is reasonable agreement between model and
observations, with particularly good values of Fb and Fac2 for the coupled model. The EU air quality standard for CO is
10 mg m™ for maximum daily 8 hour mean whereas the maximum hourly observed concentration is around 2 mg m*,
consistent with no observed exceedences of this standard.

For the particulate pollutants the ADMS-Urban model with measured background concentrations performs markedly better
than the coupled model due to poorer performance of the regional model for these pollutants than for the gaseous species in
predicting background concentrations. The Fb shows that the regional moddel underestimates PM;, and PM, s compared to
measurements (-0.3 to -0.5); the coupled model also underestimates these species’ concentrations compared to measurements
but to a lesser extent (-0.1 to -0.4) whereas for the standalone model Fb~0. These results reflect the significant regional
contribution to local measurements of particulates. Correlation coefficients between modelled and measured concentrations
are also higher for the stand-alone model than the other two models, but less so for PM, 5 than PMy,. The modelled PM RHC
values for all three models are lower than the observed RHC values, particularly for PMy,. Very high PMyo concentrations
are often related to specific local events, such as dust from construction sites, which is not captured by annual average

emissions inventories such as the LAEI (Fuller and Green, 2004).

3.4 Annual average concentrations for NO,, Oz and PM, 5

Some pollutants are closely connected by chemical or physical processes. Here the model performance for NO, and O3
concentrations is evaluated concurrently. Fig. 8 compares the annual average fractional bias for NO, and O; for each model
for background and near-road site locations. For many sites the fractional bias of modelled concentrations for both pollutants
from each model are within an estimated measurement uncertainty of 15%, as shown on the plot by the square of dotted
lines. This is the maximum uncertainty allowable in continuous measurements reported to the EU (EC Directive, 2008). The
remaining points, especially those for the regional model at near-road sites, most commonly show that over-estimates of O

are associated with under-estimates of NO, while under-estimates of Oj are associated with over-estimates of NO,, as
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expected from the fast Os titration chemistry that usually prevails in the urban high NO, environment. There are two near-
road sites where the coupled model over-estimates both NO, and Os, which does not fit the general pattern.

Assessment target plots (developed as part of the DELTA tool within FAIRMODE, Janssen et al. 2017) allow model
performance to be evaluated with an allowance for the measurement uncertainty (Pernigotti et al., 2013), which is
particularly relevant for particulate pollutants because of their higher measurement uncertainty. Fig. 9 shows the coupled
model results for PM,, and PM, 5 presented on target plots showing the normalised bias against the centred root mean square
error (CRMSE) for each monitoring site, such that the distance of points from the origin gives the value of the MQI and
allowance is made for measurement uncertainty. Equivalent plots for O; and NO, are given in Fig. A3. The quadrant in
which the points are located depends on the magnitude of the relative contributions of any lack of correlation and standard
deviation to the model error. Note that the correlation here is calculated with a consideration of measurement uncertainty and
is different from the values given in Table 7. The area of the plot with green shading shows where the model errors are
within a factor of two of the measurement uncertainty, leading to a value of MQI below 1. All of the PM, 5 sites and all
except one of the PMy, sites lie within the green shading, which indicates achievement of FAIRMODE’s model quality
objective. The plots show that the errors that occur are mainly associated with negative bias (underestimate), as noted for Fb

values in Table 7 (Sect. 3.3), and lack of correlation.

3.5 Hourly concentrations and diurnal cycles for NO, and O3

In this section an evaluation of hourly data and of diurnal cycles is performed. Figures 10 and 11 present frequency scatter
plots of hourly NO, and O3 concentrations respectively, at the sites where O3 is measured, for each model and site type. The
regional underestimate of NO, and overestimate of O; at near-road sites is again visible in these plots. The stand-alone urban
and the coupled models show similar distributions, with slightly more scatter in the coupled model results for Os.

Mean diurnal profiles and 95% confidence intervals for NO,, NO, and O3 averaged over background and near-road sites are
shown in Fig. 12, alongside a specific near-road site (BT4) in order to demonstrate the variability in individual sites. The
BT4 site is located alongside the inner orbital ‘North Circular’ road with annual average daily traffic of 108,000 vehicles
spread across 6 lanes of traffic, and a neighbouring car park. The stand-alone urban and coupled models which include
explicit road source emissions (ADMS-Urban and ADMS-Urban RML) typically capture the diurnal cycle of NO,, NO, and
O; concentrations for the different site types, whilst for the regional model this is only the case for background sites. The
diurnal cycle for NO, strongly reflects NO, emissions at all site types, showing morning and afternoon traffic-related peaks,
but also a dip around midday driven by a peak in NO, photolysis at this time. O; peaks around midday but concentrations are
lower when NO, traffic-related peaks occur. Diurnal cycles are similar at both background and near-road sites, although the
NO, and NO, peak-to-peak concentration ranges are lower and O3 higher at background compared to near-road sites (as
noted for the annual average concentrations in Sect. 3.3). The observed diurnal cycle of NO, concentrations at the BT4 site
has a notably higher morning peak than the cycle for the average over all near-road sites; this is less pronounced for NO,

concentrations.
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It is apparent that all of the models tend to overestimate Oz when underestimating NO,, especially for near-road sites, as
noted for annual-average comparisons in Sect. 3.3. At BT4, the time-variation profile of NO, is not well captured by the

models, but appears closer for NO, and Os.

4 Discussion and Conclusions

This study presents a regional-to-local air quality modelling system which couples the regional EMEP4UK model with the
fine scale urban model ADMS-Urban. Model simulations of NO,, NO,, O3, CO, PMy, and PM, 5 using the coupled system
are compared with the regional and urban models run separately and with measurements from background and near-road
sites across London for 2012. The simulations make use of an emissions inventory in which road traffic emissions of NO,,
NO,, PMyy and PM, s were adjusted to represent real-world conditions. Using the stand-alone version of ADMS-Urban these
were shown to substantially improve both the fractional bias and normalised mean square error, but had little effect on
correlations with measured data as these depend on the relative changes in emissions hour by hour which were unaffected by

the adjustment.

From these results it is estimated 13% of the area of London exhibited exceedences of the EU annual average limit value of
40 pg m™ for NO, in 2012. This is consistent with the UK report to the EU of the Greater London Urban Area exceeding
both the annual average and hourly average limit values (Defra, 2013). In contrast, concentrations of PM,5 and PMyq in
London are estimated to show negligible exceedences of the annual average limit values of 25 pg m® and 40 pug m?

respectively.

The performance of the different modelling approaches used in this study varies depending on the relative importance of
regional and local emissions and transport processes for different pollutants and site types. The concentrations of the gaseous
pollutants NO,, NO, and CO are dominated by local emissions. The regional model (EMEP4UK) performs well at
background sites but underestimates concentrations of these gases at near-road sites, due to the low resolution of its input
emissions data which does not represent individual road sources. The urban (ADMS-Urban) and coupled models both show
good agreement compared to measurements at both site types due to the inclusion of explicit source emissions. This means
that the coupled model system can be used with confidence for locations or time-periods where rural upwind measurements

are not available for use in ADMS-Urban or for assessment of impacts of future emissions or climate change.

The model performance statistics for NO, are generally better than those for NO, for all models. This is in part due to the
reduced sensitivity to NO, emissions of NO, concentrations relative to NO, concentrations, as exemplified by the analysis of
the emissions adjustments. However the clear inverse relationship between model biases for NO, and Os is consistent with
the local chemistry being well modelled, with uncertainty in NO, and O; being related to uncertainty in NO,. Comparison

between the coupled and standalone urban models and measurements of average diurnal profiles of NO, concentrations
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suggest the models are capturing the measured features of the profiles, although there is some underestimation in NO, at

roadside around midday.

The concentrations of PMy4, PM, s and O3 show more influence from long-range transport than the other gaseous pollutants.
Hence the coupled model results for these species are strongly affected by the regional background and the regional model
simulation of PMyy, PM,5 and Os. For the coupled model simulated Oz agrees well with measured O3 at the background
sites, but simulated PM4, and PM, 5 are largely underestimated compared to background site measurements. However this
model still shows a significant improvement compared to the regional model for simulated particulate concentrations,
especially at near-road sites, because it includes an explicit representation of local source emissions.

The ability of the models to simulate high concentrations has also been investigated. In general the high concentrations are
well simulated by the three models and for all pollutants examined in this study except for PMj, where the highest
concentrations are due to local short-term emission effects, for example construction dust, which is not included in emissions
inventories. For PM, s, the urban model gives a reasonable value of the RHC metric and hence of high concentrations, which
indicates that these are due to long-range transport, such as from forest fires, which is captured by the measured upwind rural
background concentrations but not necessarily by the regional model. The general tendency of the EMEP4UK regional
model to underestimate particulate concentrations, both long-term and episodic, has been identified previously (Lin et al.
2017, Vieno 2016b), while all models are affected by local emission effects and uncertainties in measured particulate

concentrations (Pernigotti et al., 2013).

Representing the time variation of emissions accurately, including the variation between sites and pollutants, is a challenge
for all models and particularly affects the correlation values. In the current work a single time-varying profile was used for
all road emissions in the urban and coupled models but the modelling would be improved if more detailed profiles were

included. However no time variation data is currently associated with the LAEI.

Overall, this study has shown the benefit of coupling a regional and urban local atmospheric chemistry transport and
dispersion models in order to achieve detailed spatio-temporal distributions of air pollutants. Such detailed pollutant spatial
distribution has applications in health-related exposure analysis (Smith et al., 2016). An extension to the current study would
be to process the hourly model output to assess the exceedence of short-term objectives and combine the results with
population data to calculate exposure. The work presented in this paper provides a framework for more detailed
examinations of urban atmospheric chemistry, in particular the effects of additional species which interact with NO,, NO,

and Os, and for studies of the effects of the urban heat island and future climate on urban air quality and chemistry.
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15



10

15

20

25

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1202 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 14 February 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License.

Discussions

support from CH and RD. KJ and CH processed the model outputs with support from JS. This paper was drafted by CH with
input and reviewing by IM, JS, DC, MV and RD.

6 Data availability

The authors intend to make the high-resolution hourly output data from the coupled model available on BADC.

7 Acknowledgements

This work was funded by the UK NERC under grant NE/M002381/1.
AURN data is © Crown 2017 copyright Defra via uk-air.defra.gov.uk. LAQN data was obtained from the Environmental

Research Group of Kings College London (http://www.erg.kcl.ac.uk), using data from the London Air Quality Network

(http://www.londonair.org.uk). Both of these datasets are licensed under the terms of the Open Government Licence.

Dr Chun Lin from the University of Edinburgh assisted with the selection of monitoring sites for the model evaluation

exercise.

References

Beevers, S., Carslaw, D., Westmoreland, E. and Mittal, H.: Air pollution and emissions trends in London. Report for Defra.
Available at https://uk-air.defra.gov.uk/assets/documents/reports/cat05/1004010934 MeasurementvsEmissionsTrends.pdf,
last access: 7 December 2017, 2009.

Berkowicz, R., Hertel, O., Sgrensen, N.N. and Michelsen, J.A.: Modelling Air Pollution from Traffic in Urban

Areas. In Proceedings from IMA meeting on Flow and Dispersion Through Obstacles, Cambridge, England, 28-30
March, 1994, Perkins, R.J. and Belcher, S.E. (Eds.), pp. 121-142, 1997.

Binkowski, F. S. and Shankar, U.: The Regional Particulate Matter Model: 1. Model description and preliminary results, J.
Geophys. Res.-Atmos., 100, 2619126209, doi:10.1029/95JD02093, 1995.

Bohnenstengel, S. I., Belcher, S. E., Aiken, A., Allan, J. D., Allen, G., Bacak, A., Bannan, T. J., Barlow, J. F., Beddows, D.
C. S., Bloss, W. J., Booth, A. M., Chemel, C., Coceal, O., Di Marco, C. F., Dubey, M. K., Faloon, K. H., Fleming, Z. L.,
Furger, M., Gietl, J. K., Graves, R. R., Green, D. C., Grimmond, C. S. B., Halios, C. H., Hamilton, J. F., Harrison, R. M.,
Heal, M. R., Heard, D. E., Helfter, C., Herndon, S. C., Holmes, R. E., Hopkins, J. R., Jones, A. M., Kelly, F. J., Kotthaus, S.,
Langford, B., Lee, J. D., Leigh, R. J., Lewis, A. C., Lidster, R. T., Lopez-Hilfiker, F. D., McQuaid, J. B., Mohr, C., Monks,
P. S, Nemitz, E., Ng, N. L., Percival, C. J., Prévdt, A. S. H., Ricketts, H. M. A., Sokhi, R., Stone, D., Thornton, J. A,
Tremper, A. H., Valach, A. C., Visser, S., Whalley, L. K., Williams, L. R., Xu, L., Young, D. E. and Zotter, P.: Meteorology,

16



10

15

20

25

30

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1202 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 14 February 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License.

Discussions

air quality, and health in London: the ClearfLo project. B. Am. Meteorol. Soc., 96(5). pp. 779-804. doi: 10.1175/BAMS-
D-12-00245.1, 2015.

Cambridge Environmental Research Consultants (CERC): EMIT Atmospheric Emissions Inventory Toolkit User Guide
Version 3.4. Available from http://www.cerc.co.uk/environmental-
software/assets/data/doc_userguides/CERC _EMIT3.4 User%20Guide.pdf, last access: 7 December 2017, 2015

Carruthers, D. J., Holroyd, R. J., Hunt, J. C. R., Weng, W. S., Robins, A. G., Apsley, D. D., Thomson, D. J. and Smith, F. B.:
UK-ADMS: A new approach to modelling dispersion in the earth’s atmospheric boundary layer. J. Wind Eng. Ind. Aerod.,
52 139-153, 1994,

Carruthers, D. J., Seaton, M., McHugh, C., Sheng, X., Solazzo, E. and Vanvyve, E.: Comparison of the complex terrain

algorithms incorporated into two commonly used local-scale air pollution dispersion models (ADMS and AERMOD) using a
hybrid model. J. Air Waste Manage., 61(11) 1227-1235, 2011.

Carslaw, D.C., Beevers, S.D., Tate, J.E., Westmoreland, E. and Williams, M.L.: Recent evidence concerning higher NOx
emissions from passenger cars and light duty vehicles. Atmos. Environ., 45, 7053-7063, 2011.

Carslaw, D. And Priestman, M.: Analysis of the 2013 vehicle emission remote sensing campaigns data. Kings College
London Report for Defra, available at https://uk-air.defra.gov.uk/library/reports?report_id=831, last access: 7 December
2017, 2015

Carslaw, D. and Rhys-Tyler, G.: New insights from comprehensive on-road measurements of NO,, NO, and NH; from

vehicle emission remote sensing in London, UK. Atmos. Environ., 81 pp 339-347, 2013.

Chang, J. C. and Hanna, S. R.: Air quality model performance evaluation. Meteorol. Atmos. Phys., 87 167-196, 2004.
COMEAP, 2010: The Mortality Effects of Long-Term Exposure to Particulate Air Pollution in the United Kingdom. A
Report by the Committee on the Medical Effects of Air Pollutants. ISBN 978-0-85951-685-3.
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/304641/COMEAP_mortality effects of long

term_exposure.pdf, last access: 7 December 2017, 2010.

Commission Regulation (EU) 2016/646 of 20 April 2016 amending Regulation (EC) No 692/2008 as regards emissions from
light passenger and commercial vehicles (Euro 6) http://eur-lex.europa.eu/eli/req/2016/646/0j (accessed December 2017),
2016.

Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo,
G., Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, L., Bidlot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M.,
Geer, A. J., Haimberger, L., Healy, S. B., Hersbach, H., H8Im, E. V., Isaksen, L., Kallberg, P., Kéhler, M., Matricardi, M.,
McNally, A. P., Monge-Sanz, B. M., Morcrette, J.-J., Park, B.-K., Peubey, C., de Rosnay, P., Tavolato, C., Thépaut, J.-N.
and Vitart, F.: The ERA-Interim reanalysis: configuration and performance of the data assimilation system. Q. J. Roy.
Meteor Soc., 137: 553-597. doi:10.1002/qj.828, 2011.

17



10

15

20

25

30

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1202 Atmospheric

Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 14 February 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License. Discussions
Defra: Air  Pollution in  the UK 2012 -  Compliance  Assessment  Summary. https://uk-

air.defra.gov.uk/assets/documents/annualreport/air_pollution_uk 2012 Compliance Assessment Summary.pdf, last access:
7 December 2017, 2013.

Defra: Emissions Factors Toolkit v7.0 User Guide. https://lagm.defra.gov.uk/documents/EFTV7.0-user-guide-v1.pdf, last
access: 7 December 2017, 2016.

Defra: Automatic Urban and Rural Network (AURN) https://uk-air.defra.gov.uk/networks/network-info?view=aurn, last
access: 7 December 2017, 2017.

ENTEC: Defra UK ship emissions inventory, final report (http://uk-
air.defra.gov.uk/reports/cat15/1012131459 21897 Final_Report _291110.pdf ) Crown copyright, 2010.

European Parliament and Council, 2008 Directive 2008/50/EC of the European Parliament and of the Council of 21 May

2008 on ambient  air quality  and cleaner air  for Europe. http://eur-lex.europa.eu/legal-
content/EN/TXT/?uri=celex%3A32008L.0050, last access: 7 December 2017, 2008.

Franco, V., Kousoulidou, M., Muntean, M., Ntziachristos, L., Hausberger, S., and Dilara, P.: Road vehicle emission factors

development: A review. Atmos. Environ., 70, 84-97, 2013.

Fuller, G.W., Green, D.: The impact of local fugitive PM,, from building works and road works on the assessment of the
European Union Limit Value. Atmos. Environ., 38, 4993-5002, 2004.

Greater  London  Authority  (GLA)  2013. London  Atmospheric ~ Emissions  Inventory  (LAEI):
https://data.london.gov.uk/dataset/london-atmospheric-emissions-inventory-2010, last access: 7 December 2017, 2010.
Greater  London  Authority  (GLA): London  Atmospheric  Emissions Inventory  (LAEI)  2013.

https://data.london.gov.uk/dataset/london-atmospheric-emissions-inventory-2013, last access: 7 December 2017, 2016.

Grigoratos, T. and Martini, G.: Non-exhaust traffic related emissions. Brake and tyre wear PM. Literature Review. Joint
Research Centre Science and Policy Reports JRC89231, 2014.

Guenther, A., Nicholas Hewitt, C., Erickson, D., Fall, R., Geron, C., Graedel, T., Harley, P., Klinger, L., Lerdau, M., Mckay,
W.A,, Pierce, T., Scholes, B., Steinbrecher, R., Tallamraju, R., Taylor, J., Zimmerman, P.: A global model of natural volatile
organic compound emissions, J. Geophys. Res., 100(D5), 8873-8892, doi:10.1029/94JD02950, 1995.

Guenther, A., Karl, T., Harley, P., Wiedinmyer, C., Palmer, P., Geron, C.: Estimates of global terrestrial isoprene emissions
using MEGAN (Model of Emissions of Gases and Aerosols from Nature), Atmos. Chem. Phys., 6, 3181-3210,
d0i:10.5194/acp-6-3181-2006, 2006.

Harrison, R. M., Jones, A. M., Gietl, J., Yin, J. and Green, D. C.: Estimation of the contributions of brake dust, tire wear, and
resuspension to nonexhaust traffic particles derived from atmospheric measurements. Environ. Sci. Technol., 46(12) 6253-9,
2012.

Hood, C., Carruthers, D., Seaton, M., Stocker, J. and Johnson, K.: Urban canopy flow field and advanced street canyon
modelling in ADMS-Urban. 16" International Conference on Harmonisation, Varna, Bulgaria, 8-11 September 2014, H16-
067, 2014.

18



10

15

20

25

30

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1202 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 14 February 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License.

Discussions

Jackson, M., Hood, C., Johnson, C. And Johnson, K.: Calculation of Urban Morphology Parameterisations for London for
use with the ADMS-Urban Dispersion Model. Int. J. Adv. Remote Sens. GIS, 5(4) 1678-1687, 2016.

Janssen, S., Guerreiro, C., Viaene, P., Georgieva, E., Thunis, P.: Guidance Document on Modelling Quality Objectives and
Benchmarking, Version 2.1. Forum for air quality modelling in Europe,
http://fairmode.jrc.ec.europa.eu/document/fairmode/WG1/Guidance_ MQO_ Bench_vs2.1.pdf, 2017.

Katsis, P., Ntziachristos, L., and Mellios, G.: Description of new elements in COPERT 4 v10.0. EMISIA SA Report No
12.RE.012.V1, 2012.

Kukkonen, J., Harkonen, J., Walden, J., Karppinen, A. and Lusa, K.: Evaluation of the CAR-FMI model against

measurements near a major road. Atmos. Environ., 35(5), pp.949-960, 2001.

Lin, C., Heal M. R., Vieno M., MacKenzie I. A., Armstrong B. G., Butland B. K., Milojevic A., Chalabi Z., Atkinson R.W.,
Stevenson D. S., Doherty R. M., and Wilkinson P.: Spatiotemporal evaluation of EMEP4UK-WRF v4.3 atmospheric
chemistry transport simulations of health-related metrics for NO2, O3, PM10, and PM2.5 for 2001-2010, Geosci. Model
Dev., 10, 1767-1787, doi:10.5194/gmd-10-1767-2017, 2017.

Mittal, L., Baker, T. and Fuller, G. 2017. London Air Quality Network - Summary Report:
http://www.londonair.org.uk/london/reports/2015 LAQN_Summary Report.pdf, 2015.

Moody, A. and Tate, J.: In Service CO2 and NOx Emissions of Euro 6/VI Cars, Light- and Heavy- duty goods Vehicles in
Real London driving: Taking the Road into the Laboratory. J. Earth Sci. Geotech. Eng., 7(1), pp. 51-62, 2017.
NCAR: A Description of the Advanced Research WRF Version 3, Tech. rep. NCAR/TN-475+STR,

http://www?2.mmm.ucar.edu/wrf/users/docs/arw_v3.pdf, last access: 7 December 2017, 2008.

Ordnance Survey MasterMap Integrated Transport Network Layer and Topography Layer (GML geospatial data), Coverage:
London, Updated 18 December 2014, Ordnance Survey, GB. Using: EDINA Digimap Ordnance Survey Service,
http://digimap.edina.ac.uk, Downloaded: May 2015.

Ots, R, Young, D. E., Vieno, M., Xu, L., Dunmore, R. E., Allan, J. D., Coe, H., Williams, L. R., Herndon, S. C., Ng, N. L.,
Hamilton, J. F., Bergstrom, R., Di Marco, C., Nemitz, E., Mackenzie, I. A., Kuenen, J. J. P., Green, D. C., Reis, S., and Heal,

M. R.: Simulating secondary organic aerosol from missing diesel-related intermediate-volatility organic compound
emissions during the Clean Air for London (ClearfLo) campaign, Atmos. Chem. Phys., 16, 6453-6473, doi:10.5194/acp-16-
6453-2016, 2016.

Owen, B., Edmunds, H.A., Carruthers, D.J. and Singles, R.J.: Prediction of total oxides of nitrogen and nitrogen dioxide
concentrations in a large urban area using a new generation urban scale dispersion model with integral chemistry model.
Atmos. Environ., 34(3), pp.397-406, 2000.

O'Driscoll, R., ApSimon, H.M., Oxley, T., Molden, N., Stettler, M.E. and Thiyagarajah, A.: A Portable Emissions
Measurement System (PEMS) study of NO, and primary NO, emissions from Euro 6 diesel passenger cars and comparison
with COPERT emission factors. Atmos. Environ., 145, pp.81-91, 2016.

19



10

15

20

25

30

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1202 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 14 February 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License.

Discussions

Pernigotti, D., Gerboles, M., Belis, C. A., Thunis, P.: Model quality objectives based on measurement uncertainty. Part II:
NO2 and PM10. Atmos. Environ., 79, pp. 869-878, 2013.

Perry, S. G., Cimorelli, A. J., Paine, R. J., Brode, R. W., Weil, J. C., Venkatram, A., Wilson, R. B., Lee, R. F., and Peters, W.
D.: AERMOD: A Dispersion Model for Industrial Source Applications. Part 1I: Model Performance against 17 Field Study
Databases. J. Appl. Met., 44, pp 694 — 708, 2005.

Schulz, M., Gauss, M., Benedictow, A., Jonson, J. E., Tsyro, S., Nyiri, A., Simpson, D., Steensen, B. M., Klein, H.,
Valdebenito, A., Wind, P., Kirkevag, A., Griesfeller, J., Bartnicki, J., Olivie, D., Grini, A, Iversen, T., Seland, ., Semeena, S.
V., Fagerli, H., Aas, W., Hjellbrekke, A., Mareckova, K., Wankmuller, R., Schneider, P., Solberg, S., Svendby, T., Liu, L.,
Posch, M., Vieno, M., Reis, S., Kryza, M., Werner, M., and Walaszek, K.: Transboundary Acidification, Eutrophication and
Ground Level Ozone in Europe in 2011, Tech. rep., Norwegian Meteorological Institute, Oslo, Norway, 1-205, 2013.
Simpson, D., Benedictow, A., Berge, H., Bergstrom, R., Emberson, L. D., Fagerli, H., Flechard, C. R., Hayman, G. D.,
Gauss, M., Jonson, J. E., Jenkin, M. E., Nyiri, A, Richter, C., Semeena, V. S., Tsyro, S., Tuovinen, J.-P., Valdebenito, A.,
and Wind, P.: The EMEP MSC-W chemical transport model — technical description, Atmos. Chem. Phys., 12, 7825-7865,
doi:10.5194/acp-12-7825-2012, 2012.

Skamarock, W. C., Klemp, J. B., Dudhia, J., Gill, D. O., Barker, D. M., Duda, M. G., Huang, X.-Y., Wang, W., and Powers,
J. G.: A Description of the Advanced Research WRF Version 3. NCAR Tech. Note NCAR/TN-475+STR, 113 pp, 2008.
Smith, J.D., Mitsakou, C., Kitwiroon, N., Barratt, B.M., Walton, H.A., Taylor, J.G., Anderson, H.R., Kelly, F.J. and Beevers,
S.D.: London Hybrid Exposure Model: Improving Human Exposure Estimates to NO, and PM,s in an Urban Setting.
Environ. Sci. Technol., 50(21), pp.11760-11768, 2016.

Smith, S. E., Stocker, J., Seaton, M., and Carruthers, D.: Model inter-comparison and validation study of ADMS plume
chemistry schemes. Int. J. Environ. Pollut., 62 395-406, 2017.

Sokhi, R. S., Mao, H., Srimath, S. T. G,, Fan, S., Kitwiroon, N., Luhana, L., Kukkonen, J., Haakana, M., Karppinen, A., van
den Hout, K. D., Boulter, P., McCrae, I. S., Larssen, S., Gjerstad, K. I., San Jose, R., Bartzis, J., Neofytou, P., van den
Breemer, P., Neville, S., Kousa, A., Cortes, B. M., Myrtveit, I.: An integrated multi-model approach for air quality
assessment: Development and evaluation of the OSCAR Air Quality Assessment System. Environ. Modell. Softw., 23 268-
281, 2008.

Stedman, J., Goodwin, J. W. L., King, K., Murrells, T. P., Bush, T. J.: An empirical model for predicting urban roadside
nitrogen dioxide concentrations in the UK. Atmos. Environ., 35 (8), 1451-1463, 2001.

Stidworthy, A., Jackson, M., Johnson, K., Carruthers, D., and Stocker, J.: Evaluation of local and regional air quality
forecasts for London. 18" International Conference on Harmonisation within Atmospheric Dispersion Modelling for
Regulatory Purposes, Bologna, Italy, 9-12 October 2017, H18-174, 2017.

Stocker, J., Hood, C., Carruthers, D., Seaton, M., Johnson, K. and Fung, J.: The development and evaluation of an automated
system for nesting ADMS-Urban in regional photochemical models. 13" Annual CMAS conference, Chapel Hill, NC, USA,

20



10

15

20

25

30

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1202 Atmospheric

Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 14 February 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License. Discussions
27-29 October 2014,

https://www.cmascenter.org/conference/2014/abstracts/jenny _stocker development_evaluation 2014.pdf, 2014.

Stocker, J., Hood, C., Carruthers, D. And McHugh, C.: ADMS-Urban: developments in modelling dispersion from the city
scale to the local scale. Int. J. Environ. Pollut., 50 308-316, 2012.

Thorpe, A. and Harrison, R. M.: Sources and properties of non-exhaust particulate matter from road traffic: A review. Sci.
Total Environ., 400 270 — 282, 2008.

Thunis, P., and Cuvelier, C.: DELTA Version 5.4 Concepts/User’s Guide/Diagrams. Available at
http://fairmode.jrc.ec.europa.eu/document/fairmode/WG1/DELTA_UserGuide V5 4.pdf, last access: 7 December 2017,
2016.

Tsagatakis, I., Brace, S., Jephcote, C., Passant, N., Pearson, B., Kiff, B. and Fraser, A.: UK Emission Mapping Methodology
- A report of the National Atmospheric Emission Inventory 2014. Reference ED 59800104 Issue Number 1. Available at
https://uk-

air.defra.gov.uk/assets/documents/reports/cat07/1607290912_UK_Emission_Mapping_Methodology 2014 Issue_1.pdf, last
access: 7 December 2017, 2016.

Vieno, M., Dore, A. J., Stevenson, D. S., Doherty, R., Heal, M. R., Reis, S., Hallsworth, S., Tarrason, L.,Wind, P., Fowler,
D., Simpson, D., and Sutton, M. A.: Modelling surface ozone during the 2003 heat-wave in the UK, Atmos. Chem. Phys.,
10, 7963-7978, doi:10.5194/acp-10-7963-2010, 2010.

Vieno, M., Heal, M. R., Hallsworth, S., Famulari, D., Doherty, R. M., Dore, A. J., Tang, Y. S., Braban, C. F., Leaver, D.,

Sutton, M. A, and Reis, S.: The role of long-range transport and domestic emissions in determining atmospheric secondary
inorganic particle concentrations across the UK, Atmos. Chem. Phys., 14, 8435-8447, doi:10.5194/acp-14-8435-2014, 2014.
Vieno, M., Heal, M. R., Twigg, M. M., MacKenzie, I. A., Braban, C. F., Lingard, J. J. N., Ritchie, S., Beck, R. C., Moéring,
A., Ots, R., Marco, C. F. D., Nemitz, E., Sutton, M. A., and Reis, S.: The UK particulate matter air pollution episode of
March—April 2014: more than Saharan dust, Environmental Research Letters, 11, 044004, 2016a.

Vieno, M., Heal, M. R., Williams, M. L., Carnell, E. J., Nemitz, E., Stedman, J. R., and Reis, S.: The sensitivities of
emissions reductions for the mitigation of UK PM2.5, Atmos. Chem. Phys., 16, 265-276, 10.5194/acp-16-265-2016, 2016b.
Watson, L.A., Shallcross, D. E., Utembe S.R, and Jenkin M.E.: A Common Representative Intermediates (CRI) mechanism
for VOC degradation, Part 2: Gas phase mechanism reduction, Atmos. Environ, 42 7196-7204, 2008.

WHO Regional Office for Europe, OECD,: Economic cost of the health impact of air pollution in Europe: Clean air, health
and wealth. Copenhagen: WHO Regional Office for Europe, 2015.

21



10

15

20

25

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1202 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 14 February 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License.

Discussions

Table 1: Number of monitoring sites per pollutant and site type. “Background” includes both suburban and urban background
sites while “Near-road” includes sites classified as roadside and kerbside. Note that all the selected O; monitoring sites have co-
located NO, and NO, measurements.

Number of Sites

Pollutant
Total Background Near-road

NO, 42 15 27
NO, 42 15 27
O3 20 11 9
PMyq 33 12 21
PM, 11 5 6
CO 7 3 4
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Table 2: Total emission rates within the LAEI area by SNAP sector, including the effects of real-world emission adjustments for
NO, and PM from road transport (sector 7)

SNAP Description Total emission rate (Mg y™)
sector
NO, NO, PMy  PM,s CO
1 Energy production 7886 394 307 0 918
2 Domestic and commercial combustion 3887 194 99 60 5428
3 Industrial combustion 4796 240 192 115 3367
4 Production processes 948 47 227 22 435
5 Fossil fuel extraction and distribution 0 0 0 0 0
6 Solvent use 0 0 28 0 0
7 Road transport (raw) 32147 8520 2724 1420 48738
7 Road transport (adjusted) 49673 11878 3943 1916 48738
8 Other transport 8439 587 197 150 29173
9 Waste treatment and disposal 1647 82 168 150 508
10 Agriculture 0 0 15 1 0
11 Nature 96 5 106 76 0
Total with raw road transport 59845 10070 4063 1996 88568
Total with adjusted road transport 77371 13429 5282 2491 88568
Change in total due to adjustments (%) 29 33 30 25 0
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Table 3: Model evaluation statistics calculated from hourly average modelled and monitored concentrations for stand-alone
ADMS-Urban runs with raw (r) and adjusted (a) road traffic NOx and PM emissions, and the % change in concentrations due to
the emissions adjustment, by site type Bgd (Background) or Nr-Rd (Near-road). Fb — fractional bias in annual average

5 concentration, ideal value 0.0; NMSE — Normalised Mean Square Error in hourly concentrations, ideal value 0.0; R — Correlation
coefficient for hourly concentrations, ideal value 1.0.

Annual mean Conc. Model evaluation statistics
concentration (pug m?) change
Site

Poll type Obs Mod Mod Mod % Fb Fb NMSE NMSE R R

Sites (r) @) (@-nir (r) @) (r) @) rn @
NO, Bgd 15 58.7 49.9 61.6 234 -0.16 0.05 0.93 0.86 0.62 0.61
NO,  Nr-Rd 27 149.6 105.9 149.6 413 -0.34 0.00 0.88 0.62 0.63 0.62
NO, Bgd 15 35.4 30.4 36.0 184 -0.15 0.02 0.32 0.27 0.66 0.67
NO, Nr-Rd 27 60.8 51.0 64.7 269 -0.18 0.06 0.32 0.28 0.64 0.64
(OB Bgd 11 35.5 37.1 35.0 5.7 0.04 -0.01 0.21 0.21 0.76 0.77
(OB Nr-Rd 9 26.9 31.7 27.5 -13.2 0.16 0.02 0.30 0.29 0.75 0.77
PMy,, Bgd 12 19.0 18.6 19.4 43 -0.02 0.02 0.27 0.27 0.69 0.69
PM;, Nr-Rd 21 27.1 22.1 25.4 149 -0.20 -0.07 0.45 0.37 0.58 0.58
PM,s Bgd 5 13.7 14.1 14.4 2.1 0.03 0.05 0.29 0.29 0.76 0.77
PM,s Nr-Rd 6 15.7 16.0 17.2 75 0.02 0.09 0.30 0.30 0.73 0.72
(6{0) Bgd 3 261.2 273.6 273.6 0.0 0.05 0.05 0.26 0.26 0.40 0.40
CcO Nr-Rd 4 365.4 429.0 428.9 0.0 0.16 0.16 0.41 041 0.48 0.48
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Table 4: NO, and NO, model evaluation statistics calculated at 42 sites for regional (EMEP), local (ADMS-Urban) and Coupled
modelled and measured hourly concentrations. Fb — fractional bias in annual average, ideal value 0.0; NMSE — Normalised Mean
Square Error in hourly concentrations, ideal value 0.0; R — Correlation coefficient of hourly concentrations, ideal value 1.0; Fac2 —
fraction of hourly modelled concentrations within a factor of 2 of observed, ideal value 1.0; MQI — Model Quality Indicator
(annual), ideal value <0.5; Average RHC — average over all sites of Robust Highest Concentration calculated for each site (hourly).
Note that MQI is not defined for NO,.

A”(”“‘ga:n@)e an Model evaluation statistics RH%I?LZQI’?TS)
Poll Model

Obs Mod Fb NMSE R Fac2 MQlI Obs Mod
NOy EMEP 117.3 50.7 -0.793 2.962 0.425 0.481 - 1111 585
NO, ADMS-Urban 117.3 118.3 0.009 0.728 0.669 0.713 - 1111 887
NO, Coupled 117.3 111.7 -0.053 0.735 0.670 0.722 - 1111 750
NO, EMEP 51.8 32.7 -0.453 0.819 0.459 0.639 1.31 217 176
NO, ADMS-Urban 51.8 54.5 0.051 0.293 0.688 0.829 0.93 217 228
NO, Coupled 51.8 51.4 -0.007 0.302 0.674 0.828 0.94 217 204
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Table 5: O; model evaluation statistics calculated at 20 sites, with statistics for NO, and NO, at the same sites, for regional
(EMEP), local (ADMS-Urban) and Coupled modelled hourly concentrations. Statistics as defined for Table 4, note that MQI is not
defined for NO,.

An?ulga:nrg)e an Model evaluation statistics RHA(;/EELZgri*“)
Poll Model

Obs Mod Fb NMSE R Fac2 MQI Obs Mod
O3 EMEP 31.6 36.9 0.153 0.358 0.659 0.633 0.72 154 130
O3 ADMS-Urban 31.6 31.7 0.001 0241 0.777 0.664 0.37 154 122
O3 Coupled 31.6 324 0.023 0.325 0.698 0.650 0.45 154 129
NO, EMEP 106.1 525 -0.676 2.865 0.401  0.555 - 1058 572
NO, ADMS-Urban 106.1 96.6 -0.094 0.787 0.709 0.728 - 1058 797
NO, Coupled 106.1 97.3 -0.087 0.784 0711 0.736 - 1058 684
NO, EMEP 47.2 33.6 -0.337 0.608 0510 0.695 1.17 206 172
NO, ADMS-Urban 47.2 476  0.008 0.258 0.725 0.845 0.82 206 204
NO, Coupled 47.2 474  0.004 0262 0.721 0.845 0.88 206 191
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Table 6: CO model evaluation statistics calculated at 7 sites from regional (EMEP), local (ADMS-Urban) and Coupled modelled
hourly concentrations. Statistics as defined for Table 4, note that MQI is not defined for CO.

A”?p‘ga:nrﬂ)e an Model evaluation statistics RHA(;/EELZgri'E‘)
Poll Model

Obs Mod Fb NMSE R Fac2 MQI Obs Mod
CO EMEP 318.8 232.8 -0.312 0.809 0.295 0.656 - 2059 1335
CO ADMS-Urban  318.8 359.5 0.120 0.383 0.504 0.763 - 2059 1327
CO Coupled 318.8 317.3 -0.005 0.442 0527 0.783 - 2059 1517
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Table 7: Particulate pollutants model evaluation statistics calculated at 33 sites (PM,g) and 11 sites (PM,;) for regional (EMEP),
local (ADMS-Urban) and Coupled modelled hourly concentrations. Statistics as defined for Table 4.

An?ulga:nr_r;)e an Model evaluation statistics RHA(;/EELZgri*“)
Poll Model

Obs Mod Fb NMSE R Fac2 MQI Obs Mod
PMy, EMEP 24.2 171 -0.341 0.789 0.393 0.670 0.96 205 103
PM;, ADMS-Urban 24.2 23.2 -0.041 0.353 0.621 0.882 0.55 205 121
PM;, Coupled 24.2 21.0 -0.139 0530 0472 0.792 0.80 205 110
PM,s EMEP 14.7 8.7 -0.511 0949 0648 0561 0.73 110 80
PM,s ADMS-Urban 14.7 15.8 0.074 0.295 0.746 0.824 0.41 110 98
PM,s Coupled 14.7 10.0 -0.377 0.749 0633 0.669 0.68 110 81
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Figure 1: Locations of NO, (black) and O3 (pale grey) monitoring sites in Greater London, with round symbols for background
sites and square symbols for near-road sites. The London borough extents and boundaries are shown for reference, alongside the

extent of the locally-modelled emissions.
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Figure 2: The nesting structure used by the EMEP4UK model: an inner UK domain simulated at 5 km x 5 km resolution within an
outer European domain simulated at 50 km x 50 km resolution, coloured by anthropogenic NO, emission rates. The greater
London region, where EMEP4UK supplies data to the coupled ADMS-Urban RML system, is indicated by white shading on the
main figure and is shown inset on a larger scale.
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Figure 3: Spatial variation of the average building height (1 km grid cells) for Greater London.
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Figure 4: London 2012 emissions inventory, with source counts given in brackets in the key. Note that railway and river shipping
sources are represented by road sources with altered source properties. The gridded sources are 1 x 1 km in extent.
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Figure 5: NO, annual average concentrations for the whole of Greater London (left) and an area of Central London (right), with
monitoring data overlaid — round symbols for near-road sites, square symbols for background sites.
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Figure 6: O; annual average concentration contours for the whole of Greater London (left) and an area of Central London (right),
with monitoring data overlaid — round symbols for near-road sites, square symbols for background sites.
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Figure 7: PM,5 annual average concentration contours for the whole of Greater London (left) and an area of Central London

(right), with monitoring data overlaid — round symbols for near-road sites, square symbols for background sites.
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Figure 8: Scatter plot comparing annual average fractional bias for NO, and O; for each of the 20 sites where O; is measured, for
each model. The dotted line represents a fractional bias of 15%, which is the required maximum measurement uncertainty under
directive 2008/50/EC.
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Figure 9: Model assessment target plots for PMyq (left) and PM, 5 (right) for coupled system outputs.
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Figure 10: Frequency scatter plots for each model and site type showing the distributions of hourly average modelled and observed

NO, concentrations (for sites where Os is also measured), where the colour represents the density of points for a given combination
of measured and modelled values.
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Figure 11: Frequency scatter plots for each model and site type showing the distributions of hourly average modelled and observed
O3 concentrations, where the colour represents the density of points for a given combination of measured and modelled values.

39



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1202 Atmospheric ¢
Manuscript under review for journal Atmos. Chem. Phys. Chemistry 3 EG U
Discussion started: 14 February 2018 and Physics é
(© Author(s) 2018. CC BY 4.0 License. T Discussions ¢
Background Near-road BT4
1 | | 1 1 1 1 | |
400
80 = 200 —
s 300
E 60 - 150 B
9
= 200
NO, 40 - 100 B
s
20 - 50 —\/\_/\"'- 100
T T T T T T : : :
0 6 2 18 23 0 6 12 18 23 0 6 12 18 23
1 1 1 | 1 1 1 1 1
120 -
50 1 ~ 80 - 100 B
«7 -
e 40 60 - . 80 - -
(o]
30 = 60 — -
NO, = - a
o) 20 | 40 \M = I
Z w
10 - 20 20 -
I I I I I I I I I
0 6 12 18 23 0 6 12 18 23 0 6 12 18 23
1 Il 1 1 1 1 | | |
50 B 50 ~ 50 L
G 40 - 40 - 40 -
E
g 30 30 ~ 30 [
0, S 20 - 20 - 20 —
10 - 10 - 10 -
I | I I I I T T T
0 6 12 18 23 0 6 12 18 23 0 6 12 18 23
hour hour hour
Model I Observed [ EMEP4UK [ ADMS-Urban [ Coupled

Figure 12: Diurnal temporal variations of NO,, NO, and O; concentrations for the average over all background and near-road
sites, and for an individual near-road site, with observations and modelled concentrations from each model. Note different
concentration axis limits for each plot. The shaded area around the central line shows the 95% confidence interval in the mean.
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Appendix A

Contours of annual average PM;, concentrations predicted by the coupled model, overlaid with the observed annual average
concentrations, are shown in Fig. Al. The pattern is similar to the plot for PM, 5 (Fig. 7), with negligible exceedence of the
annual average standard of 40 pg m?, as shown by the mostly blue and green colours. However these model predictions need
to be treated with some caution due to the model’s general underestimate of PMy concentrations, demonstrated by the
statistics given in Table 7.

Following Chang and Hanna (2004), the model performance by site type has been assessed visually as shown in Fig. A2. In
general all the models show good performance, with points clustered close to the origin of the graph. The regional model
represents background sites adequately but has less good agreement for near-road sites, particularly for NO, and NO, where
concentrations are dominated by local road emissions, as expected. The urban and coupled models, which represent road
sources explicitly, show similar performance for background and near-road sites, with some variation between pollutants.
The coupled model shows similar performance to the regional model for background sites, especially for the particulate
pollutants and CO, showing the greater influence of the regional model at sites where there are fewer explicit sources
represented by the local model.

Figure A3 shows Target plots for NO, and O3 (both only including sites where O3 is measured) show the coupled models
results match the measurements to within the target criterion. The model agreement for Oj is particularly good, with many
points within the inner circle and a MQI value less than 0.5; which indicates that any difference between the modelled and

measured values is less than or equal to the estimated measurement uncertainty.
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Figure Al: PM,, annual average concentration contours for the whole of Greater London (left) and an area of Central London
(right), with monitoring data overlaid — round symbols for near-road sites, square symbols for background sites.
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Figure A2: Model evaluation plots comparing NMSE and Fb for near-road or background sites by pollutant, where improved
model performance is shown by the results closest to (0,0). The solid parabola indicates the minimum NMSE for a given Fb, while
the dashed lines show modelled results within a factor of two of the observations. Note that the NO, plot has different axis limits to

the other pollutants due to the out-lying EMEP near-road point.

43



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1202
Manuscript under review for journal Atmos. Chem. Phys.

Discussion started: 14 February 2018
(© Author(s) 2018. CC BY 4.0 License.

ASSESSMENT TARGET PLOT NO2

T T
TR = 0.878 ans>o iy
v . Alpha 020 ]
- 0.652 RY200 ugm-31

+ v=24 %

1:_ T=1 ummv;::uf
BIAS | 1
'R SD |
1B .

o | BIAS <0 L
2 1 0 1 2

<- CRMSE ->

BIAS

Atmospheric
Chemistry
and Physics

Discussions

$$900y UadQ

ASSESSMENT TARGET PLOT 03

EGU

= 0.448 eus>o

Beta =2

v Aipha 5079 ]
C 0.41 4 RVA~120 ugm3:
C fv=18%

:_ T=1 Umod (RV) ox_:
r SD 1
- . BIAS <0 .

2 1 0 2
<- CRMSE ->

Figure A3: Model assessment target plots for NO, (left) and O; (right) for coupled system outputs.
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