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sSummary

This report is an attempt to investigate the background to the high NO; levels in Gothenburg and
the reason for the slowing decrease in NO> observed during the last years. Two possible reasons for
these observations are investigated: contribution from shipping to NO; emissions, and increased
fraction of NO; in the NOx emissions from modern diesel engines. The issue was studied through
emission measurement, passive sampling, dispersion modelling and atmospheric chemistry studies

Two possible reasons for the high NO; levels in Gothenburg were investigated: 1) increased
fraction of NOs in the NOx emissions from modern diesel engines, and 2) increasing total
emission of NOx due to increasing contribution from shipping. The results also showed that local
mixing conditions greatly influenced the dispersion of especially local and ground-based emissions
This was mainly due to their main location within the Géta élv valleys where the dispersion
becomes particularly poor during high pressure conditions. The effect of ship emissions in the
Gothenburg area was very dominant along the harbour. At distances of about 1-2 km fromthe
harbour area the ship contribution was still more than 30 % of the total NOx concentration level.

The modelled concentration data was compared to measurement results from passive sampling
performed mainly along the river but also with the continuous monitoring at the Femman site. In
general, the NO» concentrations were underestimated, the SO2 mainly coincided well and the O
concentrations where somewhat overestimated in the calculations with the TAPM model. Variation
in concentrations due to varying weather conditions were reproduced well but the modelled peaks
are sometimes lower than the monitored concentration peaks.

There are several explanations for the increased proportions of NOz in the primary emissions of
NOx. First the increase in the fraction of diesel vehicles by ca. 15% (as vehicle-km) during the last
decade. Diesel vehicles generally have a higher fraction of NO; in their NOx emissions than
gasoline cars. On top of this, the large increase of diesel vehicles over the last decade was
accompanied by a simultaneous increase of the NOs fraction in NOx emissions from diesel trucks
with Euro3 and Euro4 standards which became compulsory in 2000 and 2005, respectively.
Measurements of NO; and NOx concentrations in tunnels, and at sites largely dominated by primary
emissions, indicated an increase in the NO2/NOx pattitioning from 4-6% in the 1980s, and at the
beginning of the 1990s, to today’s 13%. The tunnel-model study indicated that the actual NO,/NOx
fraction could be even larger if effects of the NO; sinks in the tunnel are taken into account.

The modelling results show that the increase in the NOz share of the NO; concentrations was
greatest close to the sources since the NO in the primary emission reacted with ambient ozone
forming NO; on a time-scale of minutes and the NO,/NOx ratio quickly increased, approaching a
photo-stationary state between NO, NO> and ozone. The simultaneous measurements of NO»,
NO (or NOx) and ozone indicated that the fraction of primary and secondary NOx in the city
varied largely depending on mixing and photochemical conditions.

A sensitivity study with the city scale dispersion model was petformed by raising the NO»/NOx
emission ratio from 5 to 20%. The change in NO; concentrations showed that the effect of the
higher share of NO; within the NOjx emissions can affect the NO, concentration level close to the
source up to a distance of about 500-700m.

The chemical development in ship plumes was studied with a detailed photochemical plume model to
ensure that the simple chemistry treatment of the TAPM model accurately described the processes
affecting the NO/NO; distribution and NOx oxidation. Comparison of the detailed chemistry with
the simplified version showed a significant similarity during day hours when chemistry is, to a large
extent, driven by NOz photolysis. The night-time chemistry of NOx, driven by nitrate radical and
oxidation of N2Ojs is not included in the TAPM chemical scheme which may lead to an
underestimation of NOx oxidation during dark hours.
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1 Introduction

The ambient air concentration of NO; at urban background stations in Sweden (4 — 8 m above
street level in the city centre) has decreased since catalytic converters were introduced from car
model year 1989 and the NOx emission per vehicle and kilometre became lower. In small and
medium sized towns, the NOz concentration has decreased by about 35 % since the mid 1980s
(Persson et al., 2007). During the last few years this trend has changed in some towns, in which the
decrease in NO» concentration appears to have halted.

There are not many long-term seties of NOz and NOx measurements at street level, but the trend
is that the NO, concentration does not decrease as fast as expected or does not decrease at all. This
study looks at possible reasons for this trend.

1.1 NO, in Gothenburg

Air pollution measurements have been performed in the centre of Gothenburg at roof level (25 m
above the ground) since 1975. According to the result presented in Figure 1 the NOx and NO;
concentrations decreased significantly in Gothenburg from 1975 to 1983. After 1985, the
concentrations have continued to decrease but not to the same degree. However, the NOx
concentration decreases faster than the NO; concentration, implying that the NO; fraction
(NO2/NOx ratio) increases with time from about 45 % in 1975 to 60 % in 2008. Measurements in
regional background at Rorvik, outside Gothenburg, started in 1982. The concentration of NOx at
this, and similar sites, consists mainly of NOy. The annual average between 1982 and 2005
decreases almost continuously from about 9 to about 4.5 ug m-3. The O3 concentration, on the
other hand, decreased between 1975 and 1990 and then started to increase.
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Figure 1. a) - NOx, NO; and O3 concentrations measured under period 1975 — 2008 on a roof-level at
station ‘Femman’ in Gothenbutg, Figute 1. b) - The NO,/NOx ratio of the concentrations
measured at Femman, and Figure 1. ¢) — NO; and O3 concentration measured at background
station c.a. 40 km south of Gothenburg at the coast (R6rvik/R40) (all yeatly averages, RBL means
regional background level).

The NO> concentration in urban background (UB) in Gothenburg is known to be rather high
compared to other towns. In Figure 2, the mean UB concentrations for about four winter half-years
are shown for about 40 towns. A large part of the NO; concentration originates from the same
sources as the locally developed PMio; and the ratio of the two parameters is similar in urban areas
of southern Sweden (Sjéberg et al. 2008).
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Figure 2. Monitored winter half-year means (for about 4 years, 2002 - 2006) of NO; and PMy of varying
sizes of towns plotted from south to north (urban background).

According to the result presented in Figure 2, the ratio of the NO» concentration to the PMio
concentration is high in Gothenburg compared to the majority of the other towns in southern
Sweden. It also becomes clear that in southern Sweden, up to the latitude of about Uppsala/Sala,
the PMjo concentration in urban background is higher than the NO; concentration. North of Sala,
the relationship between the two parameters changes to higher or similar NO» concentrations; this
is perhaps partly due to meteorological factors resulting in decreased local dispersion, leading to
high concentrations of locally developed pollutants, such as NO,. This, therefore, suggests that
local factors to a large extent influence the total NOz urban background concentration in this part
of the country. To the contrary, for PMjo, large-scale processes govern the total concentration level,
specifically the influence from long-distance transportation which is a considerable part of the
PM;o concentration in urban background air in southern Sweden. The observed trend may also to
some extent be influenced by an increasing fraction of studded tyres from south to north. Thus,
when plotting the PMjo to NOs ratio calculated from the data in Figure 2, it becomes clear that the
ratio differs substantially for Gothenburg compated to most of the other towns in southern
Sweden (Figure 3). Due to the above-mentioned processes, the PMio to NO; ratio thus depends on
the latitude, since the relationship between the locally-developed and the long-distance transported
part of the urban background concentrations varies differently for NO2z and PMio (Haeger-
Eugensson et al. 2002, Sjoberg et al. 2008). Thus, one can conclude that the observed levels of
NO:; in Gothenburg stick out as high which may be due to unusual local topography or metrology
or to that the emission situation in Gothenburg is different from other cities.
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Figure 3. Ratio calculations of monitored winter half-year mean averages of NO; and PMyj (for about 4

years) for a number of cities (from southern to northern Sweden).

In order to show the latitudinal change, the ratios above (Figure 3) have also been plotted towards
the southerly-northerly coordinate (x and y coordinates RT90). It is clear that the ratio decreases
towards the north but with some exceptions, namely Trelleborg, Malmé and Gothenburg, Of these
three towns, it is Gothenburg that stands out the most, compared to the mean value representative

for the respective latitude.
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Figure 4. Mean ratios of PM;o/NO; based on monitoring data. The X-axis shows the local coordinates

(RT90) from the south to the north of Sweden.

The Gothenburg area is known to have relatively limited dispersion, mainly due to complex terrain
and its closeness to the sea (see Figure 5). The complexity of the terrain consists of valleys carved
down (from 50-200 m) into the rather flat surrounding plateau (see Figure 6). This morphology
causes rapid development of stable air and inversions within the valleys. The vertical temperature
structure gives rise to developments of both local and mesoscale modifications of the wind systems
in the area (Haeger-Eugensson, 1999). The dispersion conditions are therefore rather complex in
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both winter and summer. The air quality, especially for locally developed air pollutants, is thus
worse than what would have been expected for a typical Scandinavian town of this size.
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Figure 5. Map of Gothenburg. Yellow areas show urban areas, red and green lines show major roads. The
frame indicates the calculation area. The monitoring point Femman is marked.
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Figure 6. Topographical map of the Gothenburg area (from Haeger-Eugensson 1999).

In Figure 7, historical measurement data are presented for two urban background sites: the
Femman site (in the city centre and close to the harbour), and the Kungsportsplatsen site (also in
the city centre but farther away from the harbour). According to this data, the measured
concentrations at the two sites agreed well initially but drifted apart from about 1998/1999.
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Figure 7. Historical monitoring data at two sites in Gothenburg (see also map in Figure 46).

When plotting the mean SOz and NO» concentrations against the different wind directions a very
different pattern occurs for the different parameters (Figure 8).
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Figure 8. Measured hourly mean NO; and SO; concentration data for each wind direction class (each 45
deg) for one year at the Femman station.

The highest NO» concentrations occur when the wind direction is from the north-west (315-360),
the north-east (0-45), and east (45-90). For SO, the highest concentrations arise when the wind
direction is from the south-west (225-270); this is the direction of the river, while the northerly to
easterly directions are from heavy traffic areas. In Figure 9 the pattern of O3z shows the opposite
pattern to NO; the reason for this is possibly that most of the Oj is consumed during the chemical
reaction where NO is oxidised to NO; (see next chapter).

10



On the increasing levels of INO, in some cities. The role of primary emissions and shipping IVL report B1886

35 70
Il NO

30 4 —— 03 L 60

25 r 50
) —~
§20* *402
[S) =3
= 2
C2315* *308

10 r 20

i I N

0-45 45-90 90-135 135-180 180-225 225-270 270-315 315-360
Wind direction

Figure 9. Yearly mean NO and Oj concentration data (based on hourly mean-values) for each of the wind
direction classes (each 45 deg) at the Femman station.

1.2 Photochemistry in urban air

The NOx emissions from combustion engines contain to the larger part NO with a smaller part of
NOz. NO will, at a high rate, react with ozone present in the background air in the following
reaction:

NO + O30 NO;z + O3 R1

This reaction increases the NO,/NO ratio in the air compared to the fresh exhaust. In the daytime
NO:; reacts to form NO in a photolytic reaction and the NO,/NO ratio in the air is mainly decided
through equilibration between R1 and this photolytic reaction:

NO; +h] + O, > NO + O3 R2

NO can also be oxidized by hydro-peroxy (HO,) and organic-peroxy (RO») radicals which increase
the NO,/NO ratio and at the same time increase the ozone concentration (Errot! Reference
source not found.). The main NO; sinks are the gas-phase oxidation of NO; to HNOj3 by the OH
radical during the daytime (R3) and oxidation through nitrate radical and the dinitrogen pentoxide
formation at night-time (R4):

NO; + OH — HNO3 R3
NO; + O3 — NOs+ Oy

NO;3; + NO; <> N2Os

N>Os5 + H,O — 2 HNO; R4

Further, NO; adsorbed on a wet surface can recombine giving nitrous acid, HONO and HNOs:

11
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NO2® + NOz(g) + HzO(ads) O HONO(g) + HNO3(adS) R5

Where (g) is gas-phase and (ads) are species adsorbed on a surface. NOs is also subjected to dry
deposition. Figure 10 shows the main processes affecting the NOx and ozone concentrations in
urban air.
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Figure 10. Scheme of NOy conversion and removal processes.

1.3 Outline

This report is an attempt to investigate the background to the high NO» levels in Gothenburg and
the reason for the slowing decrease in NO; observed during the last years. Two possible reasons for
these observations are investigated: contribution from shipping to NO> emissions, and increased
fraction of NOs in the NOx emissions from modern diesel engines. In order to investigate, a
number of studies have been undertaken as described in the preceding chapters. In order to study
the influence of changes in the ratio of NO; to NO in the exhaust, the NO, emissions were
measured for vehicles in real traffic situations. In Chapter 2, results of these measurements of
primary emissions are briefly reported. Further, passive samplers were used in order to study the
decrease in NO; concentration (and SO») as the distance from pollution sources increase. The data
from these samplers are also used to validate the dispersion modelling. Chapter 5 contains the
results from the passive sampling of NOz, O3 and SO2 in Gothenburg. In order to investigate the
NO:z levels with dispersion modelling, a database with emissions is required. In Chapter 6, the
emissions data for Gothenburg is described and in Chapter 7 modelling and measurements of
NOz2, NO and Os levels in a tunnel are reported. The latter study was undertaken in order to verify
the NO chemistry that takes place in the vicinity of traffic locations. In order to model the
contribution to NOz levels of ship emissions it is essential to have a correct description of the
chemical reactions taking place in the exhaust plume. Chapter 8 describes the plume model used to
study the evolvement of NO in a ship plume. Chapter 9 describes the dispersion modelling for
Gothenburg using TAPM and Enviman with the emissions data described in Chapter 6. The
dispersion modelling is also evaluated towards the passive sampling results in Chapter 5. Discussion
follows in chapter 10.

12
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2 FEAT measurements

Two measurement campaigns were carried out in the Gothenburg area in order to investigate the
primary emissions of NO and NO; from different vehicles (one within this project). In both cases
the measurements were done with the Fuel Efficiency Automobile Test (FEAT) technique. The
FEAT system at IVL can only measure NO and not NOz. Therefore the system was complemented
for these studies. In the first study, a system was constructed together with Chalmers University in
the framework of a master's thesis. The FEAT system at IVL was then complemented with another
light source and a spectrometer, thus allowing for detection of NO,. This system was tested in a
number of field studies to obtain the emissions of NO and NOs in real traffic situations. In the
second system, a new version of the FEAT equipment was rented. This system allowed for
simultaneous measurements of NO and NO; and was used in measurements for a few months.
The data about the vehicles were obtained by noting the licence numbers and obtaining
information from the Swedish vehicle registry. The methods and results from these campaigns are
described by Thomar (2008) and Sjédin et al. (2009) and are only briefly reported here.

2.1 Instrumentation and procedure

The measurements were carried out with the FEAT technique where light absorption is used to
measure the concentration of a number of exhaust components in relation to COz. The
instruments generated and monitored a co-linear beam of IR- and UV-light emitted and reflected
approximately 30 centimetres above a single lane road. When a car passed, the absorption in the
exhaust plume at some specific wavelengths was measured. Because the path length within the
plume was not known, Lambert Beer’s Law did not give the absolute concentration of pollutants in
the exhaust plume. However the concentrations of CO, HC and NO relative to the CO»
concentration could be determined. These quotas were then recalculated and the instrument
provided emissions data as volume% (or ppm by volume) in the undiluted exhaust.

For the measurements in the first campaign, NO2 was measured using the Differentiated Optical
Absorption Spectroscopy (DOAS) technique. This was done with a separate set-up but the probe
volume was the same as for the other exhaust components (Thomar, 2008).

The measurements in the second campaign were carried out using the most recent remote sensing
(FEAT) technology developed by the University of Denver, which is capable of measuring
individual vehicle raw exhaust concentrations of NO,, N H3z and SO., in addition to the
“traditional” remote sensing parameters COz, CO, HC and NO (Burgard, 2006). The remote
sensing instrument provided also speed and acceleration measurements of individual light-duty
vehicles. The measurements followed the normal procedures for remote sensing operation with
regard to instrument calibration, vehicle license plate recognition etc., that have been described in
detail in earlier work (Ekstrom, 2004), with the only difference being that now also NO», NH3 and
SOz were included in the measurements.

Four different sites were included in the measurements, all of which exhibited a weak to moderate
inclination:

Site 1: A sharply curved city freeway interchange ramp with a speed limit of 30 km/h.

Site 2: A slightly curved city freeway off-ramp with a speed limit of 70 km/h.

Site 3: A straight single-lane city freeway with a speed limit of 70 km/h.

Site 4: A single-lane access road in the city for buses only.

13



On the increasing levels of INO, in some cities. The role of primary emissions and shipping IVL report B1886

By default, the remote sensor provides emission data as volume-% in the undiluted (raw) exhaust.
However, from the definition of the remote sensing measurement principle, the volume-% emissions
may also be converted to corresponding fuel-specific emissions, expressed as grams of pollutant
emitted per litre or kg of fuel burnt. In this study the conversion of the remote sensing emission
data in volume-% to g/kg fuel burnt was done in accordance with the formulas and methods as
described in detail in Ekstrom (2004). Cold-start enrichment operation was considered negligible for
all sites, thus it was assumed that the remote sensing data represent hot emissions only.

2.2 Results

In this report only a selection of the results is presented. Figure 11 shows the emissions of NO and
NO: for cars with different Euro classes, broken down into petrol or diesel engine categories. For
petrol cars the NOx emissions decrease with newer Euro class and the NO fraction is very low.
For diesel cars the NOx emissions also decrease but here the NO; fraction is significant and
increasing with newer cars.
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Figure 11. Average NO and NO; emissions in g/kg fuel per Euro class for gasoline (petrol) and diesel
passenger cars according to the remote sensing measurements. From Sjodin et al. (2009).

Figure 12 shows the emissions of NO and NO; for heavy-duty buses with different Euro classes and
abatement technologies. The dataset comprises total measurements of more than 500 buses. For
Euro 2 and Euro 3 there was a mix of conventional buses, with CPF- and CPF plus EGR-equipped
buses. From Figure 12, a general downward trend in NOx emissions with increasing Euro class can
be observed for conventional buses, resulting in approximately a 30% reduction in NOx emissions
from Euro 2 to Euro 5. The lowest NOx emissions were observed for CNG-buses, which were just
slightly lower than Euro 5. NO,/NOx-fractions were generally high (25-50%), except for CNG-
buses (6%). Thetre was no clear trend in the NO,/NOx-fraction for the diesel-fuelled buses, however
Euro 3 CPF- and EGR-equipped buses showed the highest fraction (52%), as well as the highest
NOx emission.
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Figure 12. Average NO and NO; emissions in g/kg fuel per Euto class for heavy-duty buses according to the
remote sensing measurements. Data from sites 1-4 combined. From Sjédin et al. (2009).

There is thus support from this data that newer diesel cars have a higher fraction of NO; in the

NOx emissions than older ones. However, at the same time the NOx emissions are decreasing, as
expected, with newer models.
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3 Trends in vehicle fleet composition

In order to understand the different primary NO, fractions in NOx emissions, differences in the
vehicle fleet were studied for different years. Data for the share of traffic activity of diesel vehicles
in Sweden 1980 - 2008 compared to total traffic activity were taken from the ARTEMIS Road
Model (http://www.trl.co.uk/artemis/index.htm). The ARTEMIS model version that was

used, comprises Swedish statistical data from 1980 until 2008. Between 1994 and 2008 the fraction
of vehicle-kilometres using diesel increased by a factor of 2.5, see Figure 13. Annual averages are
plotted in Figure 14. The lowest recorded number of diesel vehicle-kilometres is reported for 1993.

This increase in the fraction of diesel cars, together with the observed increase in the NO; to NO
fraction in the exhaust reported in Chapter 2, may lead to an increased NO, to NO ratio in the
emission from road traffic with time. Since the NO; emissions from petrol cars are very low, the
NOz emissions from road traffic can be approximated to follow the use of diesel vehicles. From
the increase in the latter (Fig. 13) and the fraction of NO; (Figs 11, 12) one can expect that the
NO; emissions from traffic is doubled between 1994 and 2008. If the NO» emission is a limiting
factor for the measured NO: levels, this could be a reason to the observed high levels.
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Figure 13. Billions (10°) of vehicle-kilomettes from all fuels (including diesel) and the separate diesel fraction
fore three sample years.
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Figure 14. Annual fraction of vehicle-kilometres from diesel fuel from 1980 to 2008 in Sweden.
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4 Estimation of primary emitted NO,
concentration in ambient air

The ozone loss at a polluted site at street level compared to an urban background reference site is
mainly caused by the reaction with nitric oxide (NO). This ozone loss should therefore reflect the
secondary-formed NOs. Ozone is monitored at many sites in Sweden, but normally not at street
level in cities. Data are available only from two street-level sites: Dalaplan in Malmoé and Garda in
Gothenburg,

By analysing the decrease in ozone concentration at street level in relation to urban background, the
formation of secondary NOg, from the reaction between NO and Os, can be obtained. In Figure
15, the measured NO> concentration difference (A NO») at Dalaplan is plotted as a function of the
NO:; concentration calculated as the sum of the primary emitted fraction (ANOx ¢ 0.13, see
section 7.1) and the secondary-formed fraction (-AOs3 ¢ 46/48). A means the concentration
difference between street level and a reference measurement representing urban background air.
The roof of the town hall was used as reference to the street-level station at Dalaplan in Malmd.
The factor 46/48 is used to convert one mole of ozone to one mole of nitrogen dioxide. As can be
seen from Figure 15, the calculated NO> concentrations are higher than those measured. A possible
explanation could be that ozone is consumed by other reactions than NO oxidation.
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Figure 15. Measured change in NO; concentration relative urban background vs. the NO, concentration
calculated from primary and secondary NO, at Dalaplan in Malmé. January — February 2007.
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5 Passive sampling of ambient air in
Gothenburg

5.1 Principle of diffusive sampling

Diffusive sampling is a passive sampling technique for air quality measurements in which no pump
is needed for collecting the air; this offers many advantages when selecting sampling points. The
samplers are small, lightweight (ca 2 g), silent, and do not need mains power. The samplers can
therefore be placed almost anywhere. The costs are low, thus making it feasible to use a large
number of sampling points simultaneously. Diffusive samplers are frequently used for model
validations. The sampling principle is based on molecular diffusion (Ferm 2001). An impregnated
filter that quantitatively sorbs the gas in question is placed in one end of a tube. The other end of
the tube is protected by a membrane that prevents wind-induced turbulent diffusion inside the
tube, but allows gas molecules to permeate through it at a high flux. After a short while (a matter
of seconds), there is a concentration gradient of the targeted gas inside the tube. The flux
(sampling rate) is directly proportional to this gradient. Since the concentration of the gas is zero at
the sorbent, the gradient is determined by the ambient air gas concentration. After analysis, the
average concentration during the exposure time is calculated using Fick’s first law of diffusion.

Two different samplers for measuring concentrations of NOz and SO2 have been developed at IVL
(Ferm and Rodhe 1997, Ferm and Svanberg 1998). Another sampler has been developed for the
measurement of ozone (Ferm 2001, Sjéberg ¢ al., 2001).

5.2 Results

The first experiment was carried out in 2007. A park (Slottsskogen) was used as a reference point.
Average concentrations of NOz, NO and O3 were determined at ground level (3 m) using this
technique. The results are shown in Table 1.

Table 1. Average measured concentrations of NO,, NO and O3 between
2007-11-26 and 2007-11-30 in ug m™= at STP (20 °C, 1013 mbar).
Place NO, NO O3
Urban Background
Slottsskogen No 2 20.3 7.4 32.0
Slottsskogen No 1 19.8 6.9 28.8
Street level
Sprangkullsgatan nr 1 (tree) 39.0 25.6 26.5
Femman 34.5 36.5 26.3
Nya Allén 35.0 22.8 24.2
Sprangkullsgatan No 3 29.9 12.0 23.9
Sprangkullsgatan No 2 35.3 29.6 23.9
Nils Ericsson nr 1 52.5 62.3 23.8
Jarntorget 44.5 50.3 22.4
Jarntorget 42.8 52.9 22.3
Jarntorget 43.8 49.5 22.1
Hjalmar Brantingsplatsen No 2 45.5 60.4 21.9
Jarntorget 44.2 45.2 21.5
Nils Ericsson nr 2 67.6 92.5 21.1
Nils Ericsson nr 3 69.1 104.8 20.6
Hjalmar Brantingsplatsen No 1 57.6 68.9 19.5

19



On the increasing levels of INO, in some cities. The role of primary emissions and shipping IVL report B1886

A plot of the measured NO; concentration as a function of the sum of the primary fraction and
the secondary-formed fraction (as discussed in Chapter 4) of the data in Table 1 is shown in Figure
16. Here the correlation coefficient is better than in Malmo, but the calculated concentrations are
lower than those measured.
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Figure 16. Measured NO, concentration as a function of the calculated NO; concentration obtained from
both the primary-emitted and secondary-formed fractions. Measurements of NO, NO, and O3
were carried out in Gothenburg during 4 days in November 2007 using diffusive samplers.

The measurements were repeated in 2008, without NO measurements, but with SO, measurements
to gauge the influence of shipping, The sites are shown on a map in Figure 46. Unfortunately
several diffusive samplers were lost in this campaign, among them the eatlier used reference point
for the calculations (Slottsskogen). Results from 2008 are shown in Table 2. The results from
Arendal were used as a reference point in this campaign.

The secondary-formed NO> (-AO3246/48) was on average 74 % of the average NO»
concentration. Two sites had to be removed from this calculation, since the secondary-formed
fraction exceeded 100 %. In the 2007 experiments the secondary-formed NOo, calculated in the
same way constituted only 19 % of the average NO» concentration. This may be because the ozone
concentrations were much higher in the 2008 campaign than in the 2007 campaign and the NO»
concentrations much lower.

Table 2. Average measured concentrations between 2008-10-01
and 2008-10-22 in pg m™ at STP (20°C, 1013 mbar).

Place NO, SO, 03
Arendal 9.8 25.0 57.5
Lansmansgarden 9.0 1.8 53.7
MélIndals centrum 12.4 0.6 43.4
Kielterminalen 16.9 3.2 43.4
Jarntorget 23.9 3.4 42.9
Suckarnas kaj 21.1 1.7 41.7
Amerikaskjulet 22.9 3.5 40.8
Joten (Séderleden) 10.8 0.7 -
Masthuggskyrkan 12.3 2.9 ”

“sampler lost
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We have so far not succeeded in balancing the calculated NO> concentration from the estimated
concentration of primary-emitted NOz (0.14 NOx concentration) and the secondary-formed NO»
(-AO3246/48) with the measured concentration. In Malmo, the calculated NO; concentration was
overestimated and in Gothenburg it was underestimated. More experimental work is clearly needed.
The diffusive NO sampler might need to be improved and better criteria for choosing the reference
point (for measuring the urban background of ozone at street level) have to be found.

21



On the increasing levels of INO, in some cities. The role of primary emissions and shipping IVL report B1886

6 Emissions

6.1 Emission data for Gothenburg

In this project, two dispersion models were used to calculate the concentrations of air pollutants in
the Gothenburg area, TAPM and Enviman (see chapter 7). The emission database used for the
modelling was originally developed by the Environmental Agency in Gothenburg and built within
the Enviman modelling system. The TAPM database is based on the original database, but some
modifications have been done.

Both emission databases are for 2005 and include emissions from traffic, industry, heating, road
machinery and ships. For the modelling simulations, point and line sources are handled the
common way for advanced dispersion models. In the TAPM database, a typical Swedish monthly
and daily time variation, recommended for urban areas, has been applied to the traffic emissions.
The emissions from ships are characterized as line sources, with a general 24-hour variation all
through the year. The point sources have a typical monthly variation.

In Figure 17 some examples from the Enviman database, the traffic and ship emissions, are shown.
Here the main roads are clearly visible together with ship emissions in the harbour.
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Figure 17. NOx emission data for traffic used in the Enviman modelling.

22



On the increasing levels of INO, in some cities. The role of primary emissions and shipping IVL report B1886

For the TAPM database some simplifications have been made compared to the original database,
i.e. vehicle emissions were recategorised from line to area sources. The total NOx, PMjo and SO»
emissions distributed over the area, are shown in Figures 18 - 20. In these maps the emissions are
presented in a 500 m x 500 m grid resolution, while the grid resolution in the calculations is 100 m
x m 100 for vehicle emissions, 500 m x 500 m for area emissions and ship emissions are described
as line sources and point sources including the common parameters connected to this emission
type. Figure 18 shows the total NOx emissions, Figure 19 the PMo emissions, and Figure 20 the
SO, emissions from all sources. After the simplifications, the road pattern shown in Figure 17 is still
visible, even though it has become less distinct.
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Figure 18. Total NOy emissions (2005) for the calculation area. The blue lines indicate the main roads.
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Figure 19. PMjo emissions (2005) for the calculation area. The blue lines indicate the main roads.
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Figure 20. SO emissions (2005) for the calculation area. The blue lines indicate the main roads.
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The pattern of total NOx and PM;, distribution is rather similar, while the highest levels for SO,
are more localized to the river and at some places showing point source locations. The total
emissions from all sources and parameters used in the TAPM modelling are shown in Figure 21.
The percentage contribution between the different sources is shown in Figure 22. According to that
result the major part of the PMio emissions are emitted from roads and from ships. The area
distribution of PMjp is thus along major roads and from ships both located in, and passing, the
harbour. The NOx emissions come from both ships and road traffic as well as from point/area
sources, while most of the SO» comes from ships but also a minor part from point sources.
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Figure 21. Emissions from the parameters PM;o, NOy and SO- used in the TAPM modelling,
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Figure 22. Percentage distribution of emissions from the different sources.

In Figure 23 a comparison has been done between the NOx emissions used in the two different

models and for each source type. The total emissions used in the TAPM model are a bit lower than
that used for the modelling in Enviman even if the emissions from ships are somewhat higher.
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Figure 23. Comparison between the NOx emissions used for the TAPM and the Enviman modelling
respectively.

6.2 Emission trends

The emission trends for the Gothenburg region for vehicles and ships are presented in Figure 24.
According to the figure, the road traffic emissions have slowly decreased from 1998 to 2007.
However, while the ship emissions were lower in 2004 they had increased again by 2007.
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Figure 24. Emission trends for NOx in Gothenburg (from Environmental agency of Gothenburg).
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7 Tunnel study

Measurements of air pollutants in road tunnels are often used to derive emission factors for
aggregated car fleets. According to the mass-conservation law, the difference between
concentration of a species in tunnel inflow and outflow air A (in g/m3) multiplied by ventilation
flow (also air change rate) of the tunnel ACR (m3/s) is equal to the mass of the species emitted in
the tunnel 7; (g) (mi=Ade X ACK). When dividing this mass by length of the tunnel L. (km) and the
traffic flow f; (vehicles/s) an emission factor Ef per vehicle-meter (g/vkm) (Ef = mi X L X f) is
obtained. By further analysis of correlation of the concentration data with composition, speed and
fluency of the traffic flow, one can obtain more specific emission factors such as those for mean
passenger and heavy-duty vehicles (Sjédin et al. 2000, Rodler et al., 2005). This approach assumes
that the species is not deposited or transformed by chemical processes on the timescale of air
exchange in tunnel through ventilation.

The tunnel measurements also give information about distribution of oxides of nitrogen within the
emitted NOx total. However, this partition can not be assumed as constant and it is also necessary
to take into account chemical processes taking place in the air package during its passage through
the tunnel. The car NOx emissions consist to the larger part of NO and to a smaller part of NOo.
Part of the emitted NO will in a fast-rate react with ozone infiltrating into the tunnel (R1, see
Chapter 1) and this reaction increases the NO,/NOx ratio. Considering only reaction R1, the NO»
concentration originating from primary emission from the vehicles in the tunnel can be calculated
accordingly:

INO2]primary = [NO2]unnet — [INO2]entering R6
[NO2entering = [INO2]background T [O3]background R7
The primary emitted NO can be calculated from:

[NOJprimary = [NOJeunnel = [NOJentering T [NO]oxidized R8
[NOJosidized = [O3]background R9

The slope of a plot NO» (primary) against NO (primary) gives the partition NO/NO; in the
primary emission.

However, other processes such as gas-phase and surface chemical reactions and dry deposition can
affect the NO2/NOx ratios under conditions of tunnel measurements (compare with Figure 10). In
the lack of sunlight, the processes decreasing the NO,/NOx ratios are those that are also main
NOx sinks: NOz dry deposition, the gas-phase oxidation of NOz by the OH radical (R4) and the
heterogeneous HONO formation (R5). HONO affects our understanding of NO2/NOx
distribution also indirectly; when using the chemiluminescence technique, HONO is measured as
NOz. Mixing ratios of HONO measured in tunnels were as high as 10 — 50 ppb (this study,
Kurtenbach et al., 2001) and hence understanding of the role of HONO in emissions and
conversion of oxides of nitrogen is important and needs to be improved.
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7.1 Measurements

7.1.1Early measurements

In order to investigate historical development of the NO»/NOx partition in car exhaust gas one
can look at earlier studies that included roadside and tunnel measurements. Figure 25 and Figure 26
show plots of NO; against NOx measured in 1982 at a roadside under low mixing conditions.
Since there are no ozone measurements for this period, the slope of the regression lines will
represent the primary-emitted NO; fraction instead of the [NO2]primary t0 [NOx]primary- This slope is
an upper limit of the partitioning of the primary NOx emissions from equations R6 — RO.
Considering the high level of NOx concentrations in the plots, and the fact that the measurements
were performed in December when photochemical activity is very low, the effect of ozone titration
of the primary emissions is probably unimportant. The slopes of the plots indicate NO»/NOx
partitioning of 4 - 6 %.
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Figure 25. Measurements along roads before a temperature inversion 1982-12-03.
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Figure 26. Measurements along roads during a temperature inversion 1982-12-13.

From the results of roadside measurements of exhaust-gas composition of individual vehicles
petformed in 1994, Sjédin et al. (1998) concluded that the NO»/NOx ratio clearly increased with
decreasing speed, amounting to an increase of about 7% at speeds below 20 km/h compated to
about 4% at speeds around 50 km/h. This was consistent with an earlier study on the speed
dependence of the NO»/NOx fraction in vehicle exhaust by Lenner (1987). In 1994 and eatlier
there were probably only few cars equipped with catalytic converters (which became compulsory on
all cars sold in Sweden starting with 1989 model). Our conclusion from the early data is that the
NO2/NOx pattition by the end of the 1980s and beginning of the 1990s was around 4-6%.

7.1.2Measurements in a long road tunnel

To obtain a recent characterization of road traffic exhaust gas NO,/NOx pattition for
Gothenburg, measurements of NO, NOz and O3 were taken in the middle of a 2-km-long road
tunnel (the Lundby tunnel) between 2008-09-04 and 2008-09-15. Measurements of NO and NO;
were taken with the ECO PHYSICS CLD 700 AL NOx analyser, the ozone concentrations were
measured with an UV instrument, namely the Monitor Labs 8810. Measurements of NO, NO; and
O3 in the urban background were simultaneously performed at roof level in the city centre, some 3
km from the eastern end of the tunnel. Hourly mean concentrations were used in the calculations
here.

The nitrogen dioxide concentrations originating from the primary emission ([NOz]primary) 25 a
function of the [NOx]primary (R6 — R9) are shown in Figure 27. The average NO,/NOx ratio of 13
% in the emission can be estimated from the slope of the linear regression line in the figure. If the
average NO/NOx ratio is calculated for all hour-mean values exceeding 40 pg/m?3 NO; in Figure
27, an average of 13 £ 2 % is obtained.
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Figure 27. Calculated hourly NO; concentration in the tunnel originating from primary emission as a
function of the calculated hourly NO concentration originating from primary emission.

Nitrous acid concentrations

On two occasions HNO; was measured in the Lundby tunnel using a filter pack. HNO; had earlier
been measured using two carbonate-coated denuders in series (Ferm and Sj6din, 1985). The first
one collects all HNO> plus a small fraction of NO; that is sorbed. The trapped amounts are
identified as nitrite. The second denuder collects the small fraction of NO; that is sorbed. The
denuders were made of glass and it was found that glass acted as a catalyst for reaction R1. It was
pointed out by Febo (1986) that ozone could oxidize the nitrite formed in the denuder to nitrate.
Instead of using glass denuders here, a filter pack made of polycarbonate was used to avoid
catalysing R1. The first filter, which removes particulate matter was impregnated with sodium
thiosulphate to remove ozone. The second and third filters were impregnated with potassium
hydroxide and glycerine to trap HNO,. The HNO; concentration was calculated from the
difference in the amount of nitrate in the second and the third filters.

As can be seen in Table 3, HNO: constituted a significant concentration compared to NOz. Thus, a
fraction of the measured NO; could in fact be HNO..

Table 3. HNO_, NO and NO, concentrations in the Lundby tunnel on two occasions.
[HNO:] [NO] [NO:]
Start Stop ppb ppb ppb
2008-09-05 07:00 2008-09-05 11:00 13 246 77
2008-09-09 01:00 2008-09-09 05:00 11 114 32

7.2 Modelling

To study the effects of all conversion and loss reactions of oxides of nitrogen as described in
Chapter 1, a photochemical model of tunnel air mixing with the outside ambient air was
constructed. Rates of the gas-phase reactions R1 — R4 are known from well-defined laboratory
experiments (recommended values can be found in Atkinson el al., 1997, or Sander et al., 2006) and
the effect of these reactions on the NOx chemistry can be simulated by a rather simple
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photochemical model. Dry deposition rates of NO; are known; however, complex dynamic
conditions in the tunnel introduce substantial uncertainties to quantification of this process. The
rate of reaction R5, i.e. the heterogeneous formation of HONO from NO, is also difficult to
describe as the rate is not well determined and it varies with the composition and specific area of
the surface of tunnel walls, its water content, and its coverage with other species etc. Kurtenbach et
al. (2001) took measurements in the Kiesberg tunnel where they measured NO, NO,, HONO and
COz both under regular traffic conditions and in a closed tunnel pipe where they drove a vehicle
under controlled conditions and added NO; along the tunnel wall. From observation of parallel
NO; and HONO concentration decline, they derived a first-order NO> to HONO conversion rate
kl'hert = (2.9 £ 1.8) X 10-3 min-!. This rate concurred with the findings of kinetic experiments
performed on material scratched off the tunnel wall. Kurtenbach et al. (2001) also discussed
heterogeneous conversion of NO2 to HONO on fresh soot particles emitted in the tunnel. This
process appeared to be important (ca. 30% of conversion on tunnel walls) if using the upper limit
of the heterogeneous conversion rate published by Kalberer et al. (1999) and the particle surface
area obtained from measurements in the tunnel. When using conversion rates from more recent
publications of Amman et al. (2000) and Kleffmann et al. (1999), this process appeared to be
unimportant. Kurtenbach et al. also used their measurements to derive direct HONO emissions.
They found the HONO/NOx ratio in unprocessed exhaust to be 0.008 - a value consistent with
carlier studies they reviewed in the same article.

7.2.1 Model description

In this study a model of a ventilated tunnel in order to study the role of the chemical and
microphysical processes on NO2/NOx ratios in the tunnel was constructed. Two boxes of the
model simulated air pollution outside the tunnel, one represented urban air, and the other a road
just outside the tunnel. The third box simulated air inside the tunnel pipe (Figure 28). Mixing
between the ‘urban’ and ‘road’ boxes simulated air pollution development in close vicinity of the
road in order to obtain correct concentration of air entering the tunnel. Mixing between the ‘road’
and ‘tunnel’ boxes simulated self-ventilation of the tunnel.
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Figure 28. Schematic drawing of the tunnel box model.
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In the outside boxes the chemistry was driven by solar radiation, and the photolytical rates in the
model are a function of solar zenith angle. In the tunnel box the photolysis was switched off. The
model included standard tropospheric chemistry of NOx, hydrogen species (HOx), Volatile
Organic Compounds (VOC), CO and SO». Heterogeneous reaction of NO, on a wet surface (R5)
was included in the model using klneri = 3 X 103 min-!. VOCs were treated as lumped species with
Carbon Bond Mechanism IV (Gerry et al., 1989). Emissions of CO, NO, NOz, VOC, HONO were
introduced to the model boxes using mean emissions of Gothenburg city in the urban box and
same road emissions in the road and tunnel boxes. The dry deposition in the outside boxes was
introduced by dry deposition rates corresponding to terrestrial surfaces. A mixing height of 1000 m
and 50 m was chosen for the urban and road boxes respectively. In the tunnel the deposition was
increased taking into account the surface/volume ratio of the tunnel. The air exchange rate of the
tunnel was not measured at the time of the measurement campaign. The flow conditions had been,
however, investigated thoroughly in another campaign and Figure 29 shows the wind speeds
published in Rodler et al., 2005. Based on the measured wind speeds, the exchange rates of the
tunnel were chosen as 10 min for high-traffic conditions and 30 min for low-traffic conditions (this
cotresponds to wind speeds ca. 3 and 1 m/s respectively).
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Figure 29. Air velocity measured with FLOWSIC at two sites for time intervals of 10 minutes.

7.2.2Modelling results

A set of model simulations with varying strengths of emission source and ventilation rate was
petformed to investigate the role of chemistry and deposition on measured NO»/NOx ratios. The
initial concentrations in the model corresponded to the conditions during the measurement
campaign. Each simulation was performed for a 2-day period. On the second day, an extensive
ozone formation due to accumulation of emissions was simulated in the ‘utban’ model box. This
variability within each simulation enabled the study of the sensitivity of the processes to the ozone
chemistry. Table 4 gives an overview of the simulations performed. Figure 30 shows the
development of NOX and ozone concentrations in the ‘urban’ model box.

32



On the increasing levels of INO, in some cities. The role of primary emissions and shipping IVL report B1886

Table 4. Overview of the model simulations. ACR is the time-change rate of the
tunnel. The Background category emissions are emissions to the ‘Urban’
model box, The Road category details emissions to the ‘Road’ and ‘Tunnel’
boxes. The NO,/NOx ratio in each simulation is the same for all three boxes.

Model ACR NOyx emissions
simulation (min) Background Road NO,/NOx
tonne/(yearxkm?) tonne/(year*km)
T1 10 11.4 4.15 0.13
T2 10 11.4 1.38 0.13
T3 30 11.4 4.15 0.13
T4 30 11.4 1.38 0.13
—e— NOX
—=— 0zone
70 - —— NO2/NOx
60 -
-ﬂg 50 4 §
X 40 - <
:
S 30 4
20 A
10 -
0 +—
0 12 24 36 48

Figure 30. Ozone and NO; mixing ratios in the ‘utban’ model box and the cortesponding NO,/NOx ratios.
These background mixing ratios are the same for all model simulations. Time on the x-axis is time
after model initialisation.

The results of the model show that the NO, removal processes indeed affect the NO»/NOx ratios.
Figure 31 shows a plot of the NO,/NOx ratios in the “Tunnel” box against the background ozone
concentrations. We can see that at high ventilation rates (I'1, T2) the NO,/NOx ratios are increased
through titration of NO by the infiltrating ozone (R1). However, at lower ventilation rates the
deposition processes decrease the initial ratio, sometimes below the emission ratio (0.13) by more
than 30% (to ca. 0.08).
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Figure 31. NO,/NOx ratios in the tunnel box plotted against ozone mixing ratios in the ‘utban’ model box
for the 4 different model simulations.
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Figure 32 shows what processes had the largest impact on changes in the NO»/NOx ratios in the
“Tunnel’ box in the model simulations. The two most extreme cases, simulations T2 and T3 are
shown. T2 was a fast-ventilation, low-emission case where R1 substantially increased the
NO,/NOx ratios; however the NO; deposition was still significant (Figure 32a). T3 was a slow-
ventilation, high-emission case where ozone titration did not substantially affect the NO,/NOx
ratios but where both the NO, deposition and the HONO titration played a significant role. It can
also be seen that in T3 HONO formation was important.
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Figure 32. Chemical and microphysical processes affecting the NO2/NOx ratios in the tunnel. a) — simulation
T2 (= fast ventilation, low emissions), and b) — simulation T3 (= slow ventilation, high emissions).
The units were in mixing ratio/h, i.e. 1.00E-9 corresponded to 1 ppb/h vs. time (h). Obsetve that
the HONO formation is on different axis with scale 1/5 of the ptimaty y-axes.

Mixing ratios of HONO simulated by the model in the tunnel were in the order of 5-30 ppb,
consistent with the mixing ratios presented in Table 3. These values were also consistent with the
measurements of Kurtenbach et al. (2001) which were a result of using a similar description of the
HONO processes in our model. Figure 33 shows the mixing ratios of HONO obtained from the
four model simulations.
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Figure 33. Mixing ratios of HONO simulated by model simulations T1 —T4.
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8 Ship plume chemistry

Emissions from shipping are injected into the atmosphere in the form of coherent plumes. The
chemical transformation of species in the plume is a non-linear process important both for
formation of the secondary species, such as ozone and secondary NOg, and for removal of primary
and secondary air pollutants from the atmosphere. Besides pollutant concentrations in the initial
plume, there is also present the sea-salt aerosols, that readily affect chemical transformations in the
plume, and which are characteristic for shipping emissions. Chemistry in complex meteorological
air pollution models is in most cases kept simple in order to reduce their computational expenses.
The simplifications are usually done through parameterisation of complex reaction pathways that
are developed and tuned for land sources. As shipping is an significant source of NOx in coastal
areas, it is of importance to investigate specificities of chemical conversions of emissions in more
detail.

Davis et al. (2001) proposed that, in the plume, the reaction of NO with HO; leads to enhanced
OH mixing ratios and thus to an enhanced rate of the main sink reaction for NOx (R3). Additional
chemical loss of NOx can be through PAN formation (Chen et al.; 2005), through night-time
formation of NOj; and N»Ojs, followed by their heterogeneous oxidation on aerosol (R4) (Song et
al., 2003), and through NO; oxidation by halogen oxides yielding halogen nitrates:

NO, + XO — XNOs RO)
XNO; + HxOug — HOXqg + HNOspg R7)
XNOs + X g — Xoag T HNOsqg) (R8)

X in the chemical formulas represents the halogens Cl and Br. Halogen soutces ate autocatalytic
halogen activation mechanisms on sea-salt aerosol (Vogt et al., 1996). Chen et al. (2005) inferred
from measurements in a ship plume and from photo-stationary calculations with a box model, a
chemical NOx lifetime of about 2 hours, almost four times shorter than calculated for background
air, and showed that 80% of the loss was due to R3 and a remainder due to PAN formation. In
highly concentrated parts of the plume, and in cases when the plume is emitted to a NOx pre-
polluted background with already enhanced OH levels (which is often the case for ship emissions
released close to the centre of Gothenburg), reaction R3, being also a sink for OH, can cause OH
depletion in the plume, which can lead to increased NOx lifetime in the plume.

8.1 Plume-model description

The model for multiphase chemical reactions of ship plumes in the marine or urban boundary
layers is based on the box Model Of Chemistry Considering Aerosols (MOCCA). Model results
were published for the polluted marine boundary layer (MBL) (Sander et al., 1996) as well as for the
remote MBL (Vogt et al., 1996, Pszeny et al, 2004). The chemical mechanism considers reactions
both in the gas phase, in deliquesced sea salt and sulphate aerosols and on soot and dust particles.
Photochemical reaction rates vary as a function of solar declination. In addition to the standard
tropospheric HOx, CHy, and NOx chemistry, the reaction mechanism includes S, Cl, Br, and 1
compounds. Further, this version evaluates chemical processes involving different aerosol size
fractions. The particle population is partitioned into eight mono-dispersed size bins with median
diameters equal to the corresponding size interval of the modelled continuous distribution. The
model can simulate conditions from the marine boundary layer to the lower stratosphere.
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The original box version of the model has been extended to be able to perform plume simulations.
It is possible to simulate multiple boxes with mixing, The plume mixing is described by the
Gaussian approximation (Konopka, 1995, Schumann et al., 1995):

op = EszDVAt3 +(2sD, + %0 ) At? + 2(so, + D, )At + o
3 (ED)
ol =sD,At* + (2D, +sc ) At + o, (E2)
2 2
o, = 2DvAt+GVO (E3)

whete on, oy, and o, are the horizontal, vertical and skewed standard deviations, respectively, At is
the time from the beginning of the dispersion regime, Dy, Dv, and Ds are the horizontal, vertical
and skewed diffusion coefficients, and s is shear perpendicular to the plume main axes. The
chemistry scheme of the model was extended by the CB-IV mechanism for hydrocarbon reactions
(Gerry et al., 1989) and it can be chosen as an option in the model. The chemistry scheme used by
TAPM model was implemented into the ship plume model in order to evaluate its performance.

8.2 Results

The model simulations performed in this study showed results that were in concordance with
earlier studies: the NOx lifetime was reduced in plume due to increase of OH mixing ratio by a
factor of 1.5 on average during the first 12 hours after the plume release (factor 1.3 when the
plume was released in the evening) and an additional small decrease of lifetime due to the NOj; and
N20:s.

To quantify the amount of species in the plume that were produced or destroyed through different
reaction channels in an expanding plume, the mixing ratios and reaction rates need to be multiplied
by the volume of the unit length of the plume. In this study the amount of substance in the plume
reacting through each reaction pathway was integrated over the volume of the plume parcel and
accumulated in a budget variable defined for this purpose in the model. The budget variable was
defined also for the reactions in the background air parcel and was integrated over the same volume
of the plume parcel, allowing distinguishing between the mass of species reacting in the
background air and in the plume.

Figure 34 shows the difference between the NOx sinks in the plume and in the background
(simulation B1). Panel z of the figure shows the individual reactions integrated over 1 hour and the
dominant influence of the OH+NO: sink (R3) in the plume released during daytime. It also shows
the increasing importance of the heterogeneous sink reactions on sea salt and sulphate aerosol in
later stages of the plume. Panel 4 of the figure shows the difference between the NOx sinks for
plume released in the evening. During the first night, the sinks are in this case dominated by
heterogeneous reactions (R6-R8) and by the N2Os formation, followed by the OH+NO: sink the
following day. Panel ¢ of the figure shows the accumulated specific budget of the total NOx sinks,
showing that 0.16 M of NOx emitted to the plume parcel was oxidized during the first 24 hours in
both cases and that some additional NOx, above the mass oxidized in background, was oxidized in
the plume during the late stage of plume development due to changes in oxidation capacity.
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Figure 34. Sinks of oxides of nitrogen in a ship plume: The mass of NOx removed by the sink reactions in a
unit length of the expanding plume was divided by the mass of NOx initially emitted into the unit
length of the plume. The plots thus show the part of NOx removed from the plume. Plumes
released at 12:00 and 20:00 are shown. Panel a) — Contribution of individual sink reactions to the
sink of NOx in plume released at 12:00. The heterogeneous reactions include reactions of N2Os,
BrNO; and CINOs. Observe that the time axes are not linear. Panel b) —ditto but the plume was
emitted at 20:00. Legend in Panel a) - applies also for this panel. Panel c) - Time evolution of the
total relative NOx sink with linear time axes, cerise thomb- plume at 12:00, dark blue square:
plume at 20:00.
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Performance of the TAPM chemistry on the ship plume was evaluated by comparison of two
otherwise identical plume simulations, the first involving full MOCCA chemistry and the second
the TAPM chemistry with 8 parameterized reactions for the NOx-VOC-ozone chemistry. Both
simulations calculated concentration development of two air parcels approaching Gothenburg from
the sea, both gathering pollution from sources around the outer harbours and later the second one
receiving emissions from the ship plume. Beyond that time, the air from the first air parcel is used
for dilution of the second one. The simulations were performed for conditions simulated by the
TAPM presented in Chapter 9. The ship plume was released at 12:00. Figure 35b shows that the
difference between MOCCA and TAPM is small for the plume chemistry, with the MOCCA
plume-NO: being higher by a few percent during the first hours and later, after the dusk, being
lower than the TAPM plume. The background air parcels show quite close agreement during
daylight hours but the NO; sink is underestimated in TAPM during the dark, causing divergence
of TAPM NO: concentrations from the MOCCA scheme (Figure 35a). This is a result of missing
NOs3 chemistry that acts as a night sink for NO3 in the TAPM. The NO;3 chemistry is also the
reason for the relative decrease of the plume-NO, in MOCCA relatively to TAPM seen in Panel b)
of the Figure 35.
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Figure 35. Development of mixing ratios of ozone and NO- (1.0E-9 = 1ppb) in the background air parcel
passing Gothenburg (a) and the difference between the plume parcel and the background parcel in
the same simulation (b) for the plume model with detailed chemistry (in blue) and with TAPM
chemistry (in cerise). The difference between additional plume-NOs for the 2 chemical schemes is
also shown (in green, note the different scale).
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9 Dispersion modelling

9.1 The TAPM dispersion model

The local scale dispersion modelling in this project for Gothenburg was performed with two
models, TAPM (see Appendix 1) and Enviman. Historically, Enviman is the model system that has
been used by the Environmental Agency in Gothenburg, Nevertheless, TAPM has been widely
used for various scales and purposes in Sweden. In this work mainly TAPM was used and Enviman
was used for comparison.

The Air Pollution Model (TAPM model) has been used for the dispersions calculations of the
Gothenburg area. The TAPM consists of two models, one meteorological and one dispersion
model. TAPM was developed by the Australian CSIRO Atmospheric Research Division (Hurley et
al, 2005). It is a 3D meteorological and chemical model for air pollution studies (see further
Appendix 1).

9.2 The modelling

There is no emission database included within the TAPM model but it contains an external
independent Access database as well as an external visualization tool. TAPM includes topography
as well as land-use. On the basis of this, the model generates the meteorological parameters
required for the dispersion modelling, such as temperature layering (inversions) and 3D-wind field,
all based on daily synoptic (large scale) input data. As the calculations in TAPM are rather time
consuming the grid resolution is usually kept coarse. Based on the synoptic input data, TAPM
calculated the required meteorology on an houtly basis.

Enviman (Opsis 2000) is a complete modelling system that includes a detailed emissions database, a
dispersion model and a visualization tool. Further, Enviman calculates the dispersion based on
monitored meteorological input. The topography and land-use were not directly included in the
calculations but some topographical effects may be captured by the meteorological measurements
within the calculation area. Enviman uses a finer grid resolution for the results which may lead to a
better description of, for example, dispersion along roads. For this study Enviman uses the "real
weather" situations on an houtly basis.

In order to include long-distance transported air pollutants into the calculations, monitored hourly
data of regional background concentrations for the parameters included in the study are used for
the TAPM calculations. TAPM also includes chemistry such as NO/NO, ozone, SO; and particle
transformation. The result from Enviman was transformed to NO> from calculated NOx
concentrations using the formula NO2=11.27*(NOx"0.44 - NOx"0.22) - 3.64 which is obtained
based on monitoring data from Gothenburg (Gothenburg's Milj6forvaltning 2009). This formula
also includes the long-distance transportation and the formula is based on the relationship between
monitored NOy and NO; concentrations at Femman.

Both models predict houtly dispersion for the calculation area but TAPM also did it in 3D. In this
work it is important to compare model results from TAPM with the results from Enviman since
there was a long history of using Enviman in this area; thus, there is the possibility of checking that
the transformed database for TAPM gives reasonable results regarding both the geographical
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distribution and concentration levels. Further, since one purposes in this study is to analyse the role
of shipping for the NOz concentrations in Gothenburg, it is crucial that the models include the
chemical processes connected to the production of NOz. The simulations are performed for
October 2008.

9.3 Results

9.3.1 Meteorological simulation with TAPM

In order to evaluate the dispersion modelling, comparisons were made between calculated and
monitored meteorological and air pollution parameters. Figure 36shows scatter plots comparing
monitored and calculated meteorological parameters based on houtrly data for February 2005.
Similar data are also shown in a time series plot in Figure 37.
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Figure 36. Comparison between calculated and monitored houtly data for February 2005 for the site Lejonet.
Panel a) shows wind direction, b) wind speed, and c) temperature.
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Figure 37. Comparison between calculated and monitored hourly data for February 2005 performed as time
series data for the site Lejonet; Panel a) shows wind direction, b) wind speed, and c) temperature.
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One commonly used method to show the dispersion conditions for air pollutants is the mixing
height (zmix - height of the mixing layer) calculated with high time resolution. Within this
parameter, both vertical and horizontal stability are included. However, the calculation of mixing
height is difficult because vertical information about both wind speed and temperature are needed.
This information is only available twice-a-day and only for a few sites in Sweden. The calculated
mixing height had earlier been evaluated for rural conditions with available data at the airport
outside Gothenburg (Haeger-Eugensson et al. 2002) with sufficient agreements. When the mixing
height was low the dispersion was poor. According to these calculations there were both poor and
effective dispersion conditions during the studied month. A simpler, but not as apparent, way to
indicate the dispersion is the vertical temperature difference (for 2 - 10 m), which was monitored at
the site Lejonet. Since the vertical temperatures could not be calculated for those heights with the
TAPM model, the mixing height (Fig. 38) was used instead as a measure for the local dispersion at
this site. A relationship was observed between the calculated mixing height and the monitored
temperature decrease with height (Figure 39). Thus, this indicates that TAPM also could simulate
local dispersion conditions within urban areas, which was even more difficult than for rural
locations.

Normally, temperature decreases with height to various degrees depending on, among other things,
humidity. For dry conditions the decrease is about 1 deg/100 m and for humid conditions it is less.
In this case the normal decrease was between 0.25 and 0.5 degrees. Mixing heights below
approximately 150-200 m were considered low in this area and occurred during inversion situations.
During these occasions the temperature increased with height to various degrees depending on the
strength of the inversion.
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Figure 38. Calculated hourly mixing height data for February 2005 at the site Lejonet.
Apart from the instances with highly positive temperature differences in Figure 39 there was a

linear decrease of the temperature difference with increasing mixing height (visible in the oval in
the figure).
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Figure 39. Comparison between calculated mixing height (height of the mixing layer) and monitored
temperature decrease with height from 2- 46 m.

The results presented above show a very close agreement between calculated and monitored
meteorological parameters. The calculated values captured different time scales due to both local
and larger scale conditions. The TAPM model is therefore assumed to capture most of the
meteorology which is crucial for giving realistic simulations of air pollution concentration in both
local and mesoscales.

9.3.2Dispersion calculations

As mentioned, besides using the TAPM model, the dispersion calculations were also carried out

using Enviman. This modelling system is used by the local authorities and contains the emission
database also used for TAPM.

9.3.2.1 Calculations with TAPM

Using the previously described emission database (Chapter 4) as input to calculations with the
TAPM dispersion model, the geographical distribution of ambient air concentrations for various
parameters were obtained for the central part of Gothenburg. In Figure 40-Figure 43 the
concentrations of NOz, NOx, SOz and O3 are presented.
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Figure 40. Total NO2 concentration ([ g/m3) calculated with TAPM. The blue line indicates
the main part of the harbour.
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Figure 41. Total NOx concentration (pg/m?) calculated with TAPM. The blue line indicates
the main part of the harbour.
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Figure 42. Total SO2 concentration (ug/m?) calculated with TAPM. The blue line indicates the main part of
the harbour.

Figure 43. Total O3 concentration (lg/m?) calculated with TAPM. The blue line indicates the main part of
the harbour.

9.3.2.2 Calculations with Enviman
The calculations with Enviman, using the original database, for the Gothenburg area were

performed for the same period as the calculations with TAPM. Maps showing concentrations of
NO; and SO are presented in Figure 44 and Figure 45, respectively.
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Figure 45. SO; concentrations (Ug/m?) from traffic, ships and point sources calculated with Enviman.
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9.3.3 Evaluation of air pollution calculations

In order to evaluate both the emissions data and model performance, some of the monitoring data
presented in Table 5were used. The location of the sites utilised is presented in Figure 46 and have
been numbered according to Table 5.

Table 5. Name, numbering, coordinate and type of site used below.
Name of Number of Type of monitoring E-W N-S
monitoring monitoring site coordinate coordinate
station station
Amerikaskjulet 1 Passive sampling 1268983 6403869
Jarntorget 2 Passive sampling 1270385 6403976
Kielterminalen 3 Passive sampling 1267985 6403245
Lansmansgarden 4 Passive sampling 1266552 6406677
Masthuggskyrka 5 Passive sampling 1269387 6403524
n
Suckarnas kaj 6 Passive sampling 1272319 6405829
Femman 7 Chemiluminescence 1271450 6404658
Lejonet 8 Chemiluminescence, 1272775 6405298

meteorological

3 "i‘"}w UG 3 R T S !”‘« (R e o Y

Figure 46. Map of the calculation area with the monitoring sites listed in Table 5.

An evaluation of the calculated (TAPM) air pollution concentrations was made by comparing
calculated and monitored data of NOg, SOz and Os at sites 1 - 6 (Figure 47). To show if there was a
general over- or under estimation, the ratios of calculated and monitored data were plotted for all
sites (Figure 48).
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Figure 47. Comparison between calculated and monitored (see Chapter 5) a) NOg, b) SOz ¢) Os.

The results in Figure 47a show that the calculated NO» concentrations are about the same as the
monitored concentrations at two of the sites and were underestimated by about 30% at four sites.
In Figure 47b the comparison for SO also shows a good agreement at two sites but these are
different to the NO; sites where the differences were small. The calculated Os (Figure 47¢) was, to
varying degrees, overestimated at all sites, peaking at 20% over. The discrepancies between the
different parameters and sites indicate that there was not a general under- or overestimation of
cither NO: or SO, emissions.

A comparison was also made between the calculated data and the continuously monitored air
concentrations at the stationary site Femman (see Figure 47); these data were presented both as
daily (Figure 48) and houtly means (Figure 50) of NO; concentrations. At this site the calculated
data was in general underestimated by 25% compared to the monitored data. To compare the
models, calculations were also made with Enviman and in Figure 49 a comparison is shown
between the ratios of calculated/monitored concentrations from each of the models based on daily
means. The result indicated that during most days both models showed similar trends even though
TAPM more frequently underestimated the concentrations.
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Figure 48. Daily mean NO, concentrations (ug/m?) at Femman calculated with TAPM.
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Figure 49. Comparison between the ratios of calculated and monitored concentrations of NO; from each
model based on daily mean averages. In the shaded area of the figure, the calculated
concentrations ate overestimated compared to measurements.

In Figure 50 it is clear that the TAPM model capture also the houtly variations which are not only
due to variations in emissions, but which also reflect the meteorological variations.

In Figure 52 and Figure 52 the ratios between calculated and monitored NO» concentrations are
presented for both TAPM and Enviman calculations. Once again it can be noted that TAPM is

underestimating the NO; concentration for many periods.
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Figure 50. Comparison between measured and calculated (with TAPM) hourly means NO, concentrations
(ng/m?) at Femman.
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Figure 51. Comparison between the ratios of calculated and monitored concentrations of NO; from the two
models based on houtly mean averages. Values > 1 indicate overestimated calculated
concentrations compared to measurements.
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Figure 52. Comparison of the frequency of the ratio of calculated and monitored NO; concentrations from
each model based on houtly mean averages from the two models.

In general it is more difficult to simulate finer timescales. However, the result presented in Figure
50 illustrates that the TAPM model captured fairly well the changes due to meteorology. According
to Figure 53 most of the hours calculated with TAPM showed a ratio between calculated and
monitored data that lays within the ranges 0-0.5 or 0.5-1. The data in the range 0-0.5 means a
difference in the hourly NO» concentrations by 50% - 100%. The majority of the hours calculated
with Enviman showed a ratio within the ranges 0.5-1 and 1-1.5. The negative values came from
situations with calculated negative concentrations, possibly due to the NO2/NOx conversion
routine.

In Figure 8 the monitored means of both the NO, and the SO; concentrations at Femman were
shown to vary substantially depending on the wind direction. In Figure 53 the monitored NO»
concentrations were split-up further into four different wind-speed classes. From this result it
became clear that the highest concentrations occurred during low wind speed (1-2 m/s from all
wind directions). The dectease of the NO» concentration was about the same for all wind
directions for conditions with wind speed 1-2 as with speeds of 3-4 m/s. For the NO
concentration there was a distinct difference between the very high concentrations when the wind
came from the northerly directions (N, NE and NW) which imply that the source was close to
Femman. For higher wind-speeds, which was typical for urban background air, the concentration
difference of both NOz and NO was limited in the wind direction range of 135-315 degrees,

In Figure 54 the O3 concentration is also presented in the different wind speed and wind direction
classes for 2008. According to this result the development of the O3 concentration pattern is nearly
inverse to the NO pattern, at least for the two lowest wind speed classes. This indicates that it is a
local effect, while for the higher wind speed classes it is a large-scale effect. Long-distance
transportation of ozone might, for some wind directions, be the limiting parameter.
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Figure 53. The monitored a) NO; and b) NO concentrations split-up into four different wind speed classes
in the different wind directions.
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Figure 54. The O3 concentrations split-up into four different wind speed classes in the different wind

directions.

In Figure 55 the comparison between the mean calculated and monitored SO; concentrations at
Femman from the different wind directions is shown. Not surprisingly the SO» pattern was very
different from the NO- pattern since the sources for the two parameters are diverse. SO peaks
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occurred when the wind blew in a north easterly direction (22-90 degrees), from a southerly
direction (200-225 degrees) and also from the west. Just north of Femman there is a large bus
terminal but also the Géta Alv Bridge and river. South of Femman there is a heating plant and to
the west there is the river with ships - both emitting SO». Since the calculated SO» pattern coincided
well with monitoring data, this indicated that the estimated emissions from ships and point sources
were reliable.
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Figure 55. Mean SO; concentrations at the Femman site for each wind direction group (22.5 deg), for
October 2008.

To sum up, both models were able to simulate the main features of the measured hourly NO,
concentrations. The emissions used in TAPM were somewhat lower than the ones used in Enviman
which could explain some of the discrepancy between the models. According to EU directives a
calculated yearly mean concentration of both NO; and SO: should not differ by more than 30%
compared to monitoring data while shorter time scales are allowed to vary by 50%. Both TAPM
and Enviman meet these critetia (see Section 9.3.2).

9.3.4 Sensitivity study of the NO>/NOx emission ratio

In order to test the sensitivity of the effect of the NO; emission share in the NOx emissions the
NO2/NOx emission ratio was increased from 5% to 20% in separate dispersion model calculations.
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Figure 56. Difference in the NO, concentration (p.g/ m?) when the share of NO; in the NOx emissions is 20
% and 5 % respectively for the calculations of all emissions.

According to the calculations presented in Figure 56 an increase of the NO; share in the NOy
emissions primarily affected the NO» concentrations close (500-600m) to roads or ships. The closer
to the emission source, the more obvious was the impact. The effect of a 20% share of NO- also
became larger at Femman at concentrations > 40 pg/m3(Figure 57).
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Figure 57. The effect of 5% and 20% NO; in the NOx emissions on the NO; concentration at the Femman
site.
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9.4 Separate calculations for different emission
sources

Dispersion calculations were also made where one type of source at the time was excluded in order
to study the geographical distribution of the emissions from each source. In Figure 58 the
distribution pattern from road traffic, point and area sources are shown, while in Figure 59 the
contribution from ships, point and area sources is shown. Calculations were also done of different
concentration shares from the separate source types. In Figure 60 the NO; concentration shares
and in Figure 61 the SO» concentration shares are shown for the sites defined in Figure 406. It seems
as if a large fraction of both NOzand SO> came from ships at all sites except site 4; this is because
all the monitoring sites were placed along the river and were thus close to the ship emissions.
However, at site 4 the concentrations, both level and pattern, are quite different. This site is located
on Hisingen relatively far away from both ship and road traffic emissions.
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Figure 59. Calculated NO; concentration (Hg/m?) from ships, point- and area sources.
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Figure 60. The shares of NO; from the different sources separately presented at the monitoring sites (Fig. 46).
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Figure 61. The shares of SO, from the different sources separately presented at the monitoring sites (Fig. 406).

In order to show the distribution variation over some other parts of the Gothenburg area, a
comparison was also done for three other sites. Femman is also close to ship emissions,
Kungsportsplatsen is located within the city centre where the traffic intensity is low (a largely
pedestrianised area) and somewhat further away from the harbour area. Gérda is located very close
to one of the most traffic-intensive roads in Gothenburg, The relationship between the different
emission sources as shares of the NO; concentrations is shown in Figure 62 and as a percentage of
the different shares in Figure 63. The calculations presented in a) are based on monthly means and
in b) the data are for the 10 hours with the highest concentration.
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Figure 63. The percentage shares of NO the concentration from the different sources separately presented
at the monitoring sites (Fig. 46). a) Monthly means and b) means of the 20% hours with highest
concentration.

According to the result presented in Figure 62a the share from road traffic was similar at both
Femman and Kungsportsplatsen even though the concentration was lower at Kungsportsplatsen.
The share from ships was similar to that of road traffic at both Kungsportsplatsen and Femman
with the similar distance from the harbour at both sites. However, at Garda the large influence from
road traffic was obvious with 53% of the total concentration. The longer distance from the
harbour area led to much lower influence from ship emissions with only 15 % of the concentration,
compared to Femman where ship emissions contributed 32% to the concentration of NOz. In
Figure 63b and Figure 62b, high concentration situations are presented. Here the distribution of
shares was rather different compared to the long time mean calculations. The reason for this could
be that the local, and possibly also the ground based emissions, governs the total concentrations
more. The shares from ships were in this type of calculation very dominant at both Femman and
Kungsportsplatsen while at Garda the dominant share still came from the traffic.
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10 Discussion

Two possible reasons for the high NO; levels in Gothenburg were investigated: 1) increased
fraction of NOs in the NOx emissions from modern diesel engines, and 2) increasing total
emission of NOx due to increasing contribution from shipping.

There has been a significant increase in primary emissions of NO; from traffic with time, mainly
due to a larger use of diesel cars. This can also be observed in tunnel measurements where
increasing NO levels have been noted. However, the influence of this on the measured urban
background NO; levels seems limited due to the rapid oxidation of NO with ozone.

It is observed that ship emissions have a large influence on the monitoring sites close to the
harbour, however, it was also observed from the dispersion modelling that shipping emissions
could have a significant influence also further from the harbour when it comes to the days with the
highest observed levels.

The results also showed that local mixing conditions had a great influence on the dispersion of
especially local and ground-based emissions (Figure 62 and Figure 63). This was mainly due to their
main location within the Goéta dlv valleys where the dispersion becomes particulatly poor during
high pressure conditions. At sites within the valley, the share from different emission sources will
thus differ depending on the dispersion, meaning that the share from, for example, shipping,
calculated as long-time means, or parameters reflecting situations with poor dispersion, varies.
Thus, the effect of ship emissions in the Gothenburg area is dominant along the hatbour, but after
about 1-2 km the ship contribution is still more than 30 % of the total concentration level.

There are also further factors that may affect the NO, concentrations in the Gothenburg city area,
namely changes in local mixing conditions as a result of changing city shape and/or changing large-
scale weather patterns as well as oxidation capacity of the atmosphere demonstrated by changing
background ozone concentrations. Investigation of these factors demands further extensive
modelling and data analysis, both on the small scale and on the continental scale which were not
done in this study.

The calculated data were compared to measurements from diffusive sampling mainly along the river
but also with the continuous monitoring at the Femman site. In general, the NO, concentrations
were underestimated, the SO2 mainly coincided well and the O3 concentrations where somewhat
overestimated in the calculations with the TAPM model. However, the variation due to the weather
could be reproduced but the peaks are sometimes lower than the monitored concentration peaks.
A brief analysis of the monitoring site Femman showed that the concentration levels for all the
investigated parameters varied a great deal depending on the wind direction (see also Figure 8 and
Figure 9). The obvious reason was the proximity to the harbour and also to areas with heavy traffic
(N-NE). The ratio between NO/NO> shows that this is also dependent on wind direction,
indicating that the share of NO is also higher when the wind comes from heavy trafficked areas.
This was also confirmed by the result presented in Figure 9 where the O3 level was lowest when the
wind blew from those directions.
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Figure 64. Vatiability of the ratio NOx/NO2 at Femman 2008 and 1993 and Stockholm, Torkel

Knutssongatan 2008.

A compatison with older monitoring data from Femman showed the NOx/NO: ratio has decreased
from 1993 to 2008. To investigate whether this pattern was common at urban background sites, a
site in Stockholm (for one year) was also investigated showing that there was hardly any variability
at all.

The high concentration during northerly wind depended, on those occasions, on the fact that there
were usually low wind-speed and inversion conditions. The reason why there was no variability
during different wind directions in the Stockholm case, indicated a more evenly distributed
emission pattern in Stockholm, at least in the close surroundings of the site Torkel Knutssonsgatan.

There are several reasons which explain the increased proportions of NO; in the primaty emissions
of NOx. It is the increase in the fraction of diesel vehicles by ca. 15% (as vehicle-km) during the
last decade (see Figure 13 and (Figure 14). Diesel vehicles generally have a higher fraction of NO»
in their NOx emissions than gasoline cars. On the top of this, the large increase of diesel vehicles
over the last decade was also accompanied by a simultaneous increase of NOs part in NOx
emissions from diesel trucks with Euro3 and Euro4 standards which became compulsory in 2000
and 2005, respectively (Figure 11). Measurements of NO; and NOx concentrations in tunnels, and
at sites largely dominated by primary emissions, indicated an increase in the NO,/NOx pattition
from 4-6% in the 1980s, and at the beginning of the 1990s, to today’s 13%. The tunnel-model study
indicated that the actual NO»/NOx fraction could be even larger if effects of the NO, sinks in the
tunnel are taken into account.

An increase in the NOs share of the primary NO: emissions was greatest close to sources because
the NO in the primary emission reacted with ambient ozone forming NOz on a time-scale of
minutes and the NO2/NOx ratio quickly increased, tending to approach a photo-stationary state
between NO, NO; and ozone (see central part on Figure 10). The simultaneous measurements of
NO2, NO (or NOx) and ozone indicated that the fraction of primary and secondary NO; in the
city varied largely depending on mixing and photochemical conditions. The two measurement
campaigns performed within the scope of this study showed an 81% share of the primary NO>
emissions in the total increase of NO, concentration above the background in one case and a 26%
share in the second. The high share of primary NO; was associated with low ozone concentrations
and an excess of measured NO; above NO; calculated from background NO», NO, formed by
titration of emitted NO by ozone plus the direct emission of NOz (See Chapter 4). This
discrepancy could indicate either that the background ozone concentration was too low (i.e.
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background measurements do not correspond to Gothenburg background measurements in these
conditions), that there was a larger share of secondary NO in emissions, or that by the end of
November there was an unusual ozone formation.

A sensitivity study with the city scale dispersion model was petformed by raising the NO»/NOx
emission ratio from 5 to 20%. The change in NO; concentrations showed that the effect of the
higher share of NO; within the NOy emissions can affect the NO» concentration level close to the
source up to a distance of about 500 - 600 m. Further, the effect also increased in tandem with
increased concentration levels (Figure 57).

The chemical development in ship plumes was studied with a detailed photochemical plume model
to ensure that the simple chemistry treatment of the TAPM model accurately described the
processes affecting the NO/NO; distribution and NOx oxidation. Comparison of the detailed
chemistry with the simplified version showed a significant similarity during day hours when
chemistry is, to a large extent, driven by NO: photolysis. The night-time chemistry of NOx, driven
by nitrate radical and oxidation of N2Os is not included in the TAPM chemical scheme which may
lead to an underestimation of NOx oxidation during dark hours.

When it comes to measutes to reduce the levels of NO; in the future it seems as if the ratio of
NOz to NO in emissions is less important than the NOx emissions. However, it may still be a
factor at street-level sites where the ozone levels can be lower. In the extreme case of tunnels it is
certainly a factor. It would be of interest to study more in detail at what conditions (ozone-levels,
traffic intensity, distance from roads, etc) the primary NO2 emissions are important for the levels.
Thus, for road traffic the important measure is to reduce the NOx emissions.

It will also have an impact if the NOx emissions from shipping can be reduced. Especially for days
with high levels of NOs, i.e., situations where the most severe problems in relation to air quality
standards occurs. It is likely that TIER III engines, with about 80% lower NOx emissions, will be
introduced in the waters around Sweden from 2016. A rapid replacement of old engines with TIER
IIT engines will reduce the emissions from shipping significantly. Further, a more widely use of on
shore electricity for ships at berth may be important.
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Appendix 1. Description of the TAPM model

TAPM, The Air Pollution Model, was developed by the Australian CSIRO Atmospheric Research
Division. Air pollution models typically use either observed meteorological data from a surface-
based meteorological station or a diagnostic wind field model based on available observations.
TAPM is different from these approaches in that it solves the fundamental fluid dynamics and
scalar transport equations to predict meteorology and pollutant concentration for a range of
pollutants important for air pollution applications - #hzs eliminates the need of site-specific meteorological
observations. Instead, the model predicts the flows important to local-scale air pollution transport,
such as sea breezes and terrain-induced flows, against a background of larger-scale meteorology
provided by synoptic analyses. It predicts meteorological and pollution parameters directly on local,
city or inter-regional scales.

Meteorology model

The meteorological component of TAPM is an incompressible, non-hydrostatic, primitive equation
model with a terrain-following vertical coordinate for three-dimensional simulations. The model
solves the momentum equations for horizontal wind components, the incompressible continuity
equation for vertical velocity, and scalar equations for potential virtual temperature and specific
humidity of water vapour, cloud water and rainwater. Explicit cloud micro-physical processes are
included. Turbulent kinetic energy and eddy dissipation rates are calculated for determining the
turbulence terms and the vertical fluxes. Further, surface energy budget is considered to compute
the surface temperature. A vegetative canopy and soil scheme is used at the surface. Radiative fluxes
at the surface and at upper levels are also calculated. Also, TAPM was confirmed to have strong
ability in simulating thermally-driven meso- and local scale wind systems, such as sea-to-land breeze
and urban heat-island effects. Investigations have shown that the model performs well in simulating
air temperature and wind, which are the two most important fields to drive air pollution modelling,

Air pollution model

The air pollution component of TAPM, which uses predicted meteorology and turbulence from
the meteorological component, includes three modules. The Eulerian Grid Module (EGM) solves
prognostic equations for concentration and for cross-correlation of concentration and virtual
potential temperature. The Lagrangian Particle Module (LPM) can be used to represent near-source
dispersion more accurately, while the Plume Rise Module is used to account for plume momentum
and buoyancy effects for point sources. The model also has gas-phase photochemical reactions
based on the generic reaction set, and gas- and aqueous-phase chemical reactions for sulphur
dioxide and particles. In addition, wet and dry deposition effects are also included. See more
information about the TAPM at www.dar.csiro.au/tapm/index.html.

Verification of the model

IVL has performed a validation of the modelling system for European conditions with very
satisfying results. TAPM has also been verified for many regions in Australia and overseas. CSIRO
has verified the model in Kwinana, Perth and the Pilbara (WA), Cape Grim (TAS), Melbourne
(VIC), Newcastle and Sydney (NSW), Mt Isa (QLD), Port Pirie (SA), Kuala Lumpur (Malaysia), as
well as for Kincaid and Indianapolis (USA) international tracer datasets. (See further the list of
publications and Technical Paper on verification and list of relevant papers from CSIRO can also
be found at the above-mentioned website).
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Figure A1. Monitored and simulated air temperature in Gothenburg 1999 (a) hourly; (b) seasonal; (c) daily

variation.

In Figure A2 a comparison of monitored and simulated wind speed at Séve.
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Figure A2. Comparison between monitored and simulated wind speed at Sive 1999.

Comparison between monitored and simulated ozone and NO; concentrations from Australia (see
Figure A3).
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Figure A3. Comparison between monitored and simulated ozone and NOz concentrations in Australia, grid
resolution 3 km x 3 km.
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