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The following supplementary material provides additional detailed equations, parameter descriptions and sensitivity study 

results to the main article of the same name. It is structured with the same section headers as given in the main article, prefixed 

with ‘S’. 5 

S3 uEMEP model process description and parameterisation 

S3.1 Kz profiles used in EMEP and uEMEP 

For unstable conditions (L<0) the Kz vertical diffusion profiles are given by the formulation from O’Brien (1970)  

 

𝐾𝑧(𝑧) =
𝜅𝑢∗𝑧
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𝐾𝑧(𝑧) = 𝐾𝑧(𝐻) 𝑓𝑜𝑟 𝑧 > 𝐻         (S1) 

 

The height of the surface layer is set to hs = 0.04 H (Pielke, 2002) and the dispersion at the top of the boundary layer is set to 

a minimum of Kz(H) = 0.001 m2s-1. 15 

 

For stable conditions the formulation from Jeričevič et al. (2010) is applied, as in the EMEP MSC-W model 
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 20 

where aK = 0.39 and bK = 0.32 (bK=0.21 in the original version) 

 

These two formulations do not match under neutral conditions, so the parameter bK in Eq. (S2) has been slightly changed to 

those reported in Simpson et al. (2012). In addition, in Simpson et al. (2012) only the neutral case was used. In uEMEP, 

stability is included with a minimum positive Monin–Obukhov length L = 25 m and a maximum negative L = -10 m. 25 

S3.2 Stability functions 

The stability functions ψm and ϕm are defined, as in Garratt (1994), as 
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and the integrated forms are given by 
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The constants are given as a=16, b=5, p=-0.25 and q=-0.5. 

S3.3 Assumptions in the derivation of the vertical wind profile 40 

The wind profile given in Sect. 3.3, Eq. (22), has been derived using the assumption that 

 

𝑑𝑈(𝑧)

𝑑𝑧
=  

𝑢∗(𝑧)

𝜆(𝑧)
           (S5) 

 

Where the length scale is given as 45 

 

1

𝜆
=  

𝜙𝑚

𝜅𝑧
+

1

𝑧𝑙
           (S6) 

 

with the asymptotic limiting length scale zl = 0.4H, where H is the height of the boundary layer. In Gryning et al. (2007) this 

asymptotic limit was defined using Rossby similarity theory but we have simplified here. The turbulent velocity scale u* in the 50 

boundary layer is described as a linear function of height, as in Gryning et al. (2007) 

 

𝑢∗(𝑧) = 𝑢∗0 (1 −
𝑧

𝐻
)  𝑓𝑜𝑟 𝑧 ≤ 𝐻         (S7) 

 𝑢∗(𝑧) = 0  𝑓𝑜𝑟 𝑧 > 𝐻          (S8) 

 55 
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S3.4 Other additional and optional parameterisations 

In this section a number of additional parameterizations employed in the model are presented 

S3.4.1 Meandering and change of wind direction 

Meandering at low wind speeds has been shown to have a significant effect on the horizontal dispersion (Etling, 1990; Hiscox 

et al., 2010). We have implemented a simple meandering scheme that increases the horizontal dispersion dependent on wind 60 

speed in the following way: 

  

𝜎𝑦,𝑚𝑒𝑎𝑛𝑑𝑒𝑟 = 𝑥 
2𝜋

360
𝜃𝑚𝑒𝑎𝑛𝑑𝑒𝑟𝑒𝑥𝑝 (−

𝑈−𝑈𝑚𝑖𝑛

2𝑈𝑚𝑖𝑛
)       (S9) 

 

where x is the along plume distance, θmeander is the maximum meandering angle (20o), U is the wind speed in the dispersion 65 

and Umin is the minimum allowable wind speed for the dispersion calculations, 0.5 m/s. This means, for example, that for a 

wind speed of 2 m/s the meandering angle will be 4 o. 

 

Similarly, a change of wind direction from one hour to the next in the model domain will also lead to an increase in the effective 

horizontal dispersion. This is simply written as 70 

  

𝜎𝑦,∆𝑤𝑖𝑛𝑑 = 𝑥
2𝜋

360
 ∆𝜃𝑤𝑖𝑛𝑑           (S10) 

 

where Δθwind is the difference in wind direction, in degrees, at the emission grid from one model hour to the next. These values 

are then added to the horizontal dispersion calculated with Eq. (15b).  75 

S3.4.2 Trajectories and downwind selection of the moving window 

All meteorological data read by uEMEP are interpolated, using bilinear interpolation, to the sub-grid level onto a 

meteorological sub-grid for use in the dispersion calculations. For sub-grid calculations of 50 - 100 m then the interpolation is 

usually done to 250 m. This provides smoother wind fields for the trajectory calculations.  

 80 

The dispersion formulation may follow horizontal trajectories in the model domain for any given hourly meteorological field. 

These trajectories are calculated for each emission grid and the dispersion calculation is carried out along these trajectories. 

This can become complex if the trajectories change angle significantly but this rarely occurs in the modelled meteorology. 

Trajectories are calculated at intervals smaller than the meteorological grid spacing; this is specified by the user but trajectory 

spacing is somewhere between the sub-grid and the grid resolution. 85 
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In addition to the trajectories uEMEP also determines the upwind sector for any receptor sub-grid and adjusts the position of 

the moving window to only include the upwind region. This is principally intended to save computational time, so that the 

model does not search for emissions in downwind regions. 

S3.4.3 Traffic induced initial dispersion 90 

To reflect the impact of traffic speed on the initial dispersion due to traffic turbulence then a simple parameterization is used 

that increases the initial vertical and horizontal dispersion as a function of traffic speed. This is described using a limited linear 

function with minimum and maximum allowable σz,traffic of 0.5 and 3.0 m, respectively. 

 

𝜎𝑖𝑛𝑖𝑡,𝑧,𝑡𝑟𝑎𝑓𝑓𝑖𝑐 = 0.5  𝑓𝑜𝑟  𝑠𝑝𝑒𝑒𝑑 < 40 𝑘𝑚/ℎ   95 

𝜎𝑖𝑛𝑖𝑡,𝑧,𝑡𝑟𝑎𝑓𝑓𝑖𝑐 = 0.5 +
(3.0−0.5)

(100−40)
(𝑠𝑝𝑒𝑒𝑑 − 40)  𝑓𝑜𝑟  40 𝑘𝑚/ℎ < 𝑠𝑝𝑒𝑒𝑑 < 100 𝑘𝑚/ℎ  

𝜎𝑖𝑛𝑖𝑡,𝑧,𝑡𝑟𝑎𝑓𝑓𝑖𝑐 = 3.0  𝑓𝑜𝑟  𝑠𝑝𝑒𝑒𝑑 > 100 𝑘𝑚/ℎ       (S11) 

 

This is added to the initial vertical dispersion parameter in Eq. (15a) as σinit,z. The same value is added to the initial σinit,y but 

with the addition of road width in the following way 100 

 

𝜎𝑖𝑛𝑖𝑡,𝑦,𝑡𝑟𝑎𝑓𝑓𝑖𝑐 = √𝜎𝑖𝑛𝑖𝑡,𝑧,𝑡𝑟𝑎𝑓𝑓𝑖𝑐
2 + (0.5 𝑟𝑜𝑎𝑑𝑤𝑖𝑑𝑡ℎ)2       (S12) 

S3.4.4 Temperature dependence of NOX traffic emissions 

Recently the temperature dependence of NOX traffic exhaust emissions has been shown to be significant (Keller  et al., 2017; 

Weber et al., 2019; Hagman et al., 2011; Grange et al., 2019). In Norway the majority of NOx emissions are from diesel 105 

vehicles so an additional temperature dependence has been included in the forecast application, since this is not currently in 

the national emission inventory. The following scaling factor (SNOx) is used: 

 

𝑠𝑁𝑂𝑥 = 1 𝑓𝑜𝑟 𝑇𝑎𝑖𝑟  >  +5 ℃  

 𝑠𝑁𝑂𝑥 = 1 −
2(𝑇𝑎𝑖𝑟 −5)

15
 𝑓𝑜𝑟 −10 ℃ <  𝑇𝑎𝑖𝑟 <  +5 ℃  110 

𝑠𝑁𝑂𝑥 = 3 𝑓𝑜𝑟 𝑇𝑎𝑖𝑟 <  −10 ℃         (S13) 

 

This differs from the curve presented in HBEFA (Keller  et al., 2017), which does not include any increase in emission factors 

below 0 oC. Eq. (S13) reflects more recent measurements (Weber et al., 2019). We consider this a preliminary estimate as the 

temperature dependence still requires further study. 115 
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S3.4.5 Tunnel emissions and deposition 

Most emissions within a tunnel will exit at the tunnel portals, but a fraction will remain in the tunnels through deposition. This 

effect is most important for particles in long tunnels. Ventilation towers are not currently included in the model. Tunnels are 

also assumed to always be dry, so road dust is continuously emitted within them even when it is wet outside. A tunnel 

deposition model is applied that determines the reduction of the emissions at tunnel portals, the tunnel emission scaling factor 120 

(ftunnel). This is based on the specified deposition velocities of the pollutant, wdep (cm/s), the wind speed in the tunnel Utunnel 

(m/s), the length of the tunnel, Ltunnel (m), and the effective radius of the tunnel Rtunnel (m). Deposition is assumed to occur on 

all walls of the tunnel. For low deposition rates, high wind speeds and large tunnel radii then the reduction of pollutant 

emissions is least. For a typical long tunnel of 5 km then a reduction of tunnel portal emissions of 30 % can be expected for 

PM10.  125 

 

𝑓𝑡𝑢𝑛𝑛𝑒𝑙 =
1−𝑒𝑥𝑝(−𝛽.𝐿𝑡𝑢𝑛𝑛𝑒𝑙)

𝛽.𝐿𝑡𝑢𝑛𝑛𝑒𝑙
          (S14a) 

𝛽 =
2 𝑤𝑑𝑒𝑝

100 𝑈𝑡𝑢𝑛𝑛𝑒𝑙𝑅𝑡𝑢𝑛𝑛𝑒𝑙
          (S14b) 

 

Deposition velocities used in the model are 0.1 cm/s (PM10), 0.05 cm/s (PM2.5) and 0.02 cm/s (NO2).  130 

S4.2 Emissions 

The EMEP calculations make use of the CAMS-REG-AP_v1.1 emission dataset everywhere in Europe (Kuenen et al., 2014; 

Granier et al., 2019). Only in the 2.5 km Scandinavian calculation, and only in Norway, are the emissions replaced with the 

aggregated high resolution dataset. The alternative emissions used in the calculations for Norway, and described in the 

following sections, are: 135 

 

 Road traffic exhaust emissions 

 Road traffic non-exhaust emissions 

 Residential wood combustion 

 Shipping 140 

 Industry 

S4.2.1 Road traffic network data 

Road network data are provided by the Norwegian Public Roads Administration (Statens Vegvesen, SVV) and are freely 

available through the National road database (NVDB, 2020). All roads owned and maintained by state and municipal 

authorities are included.  Information used from these roads include geographical position, number of lanes, road category 145 
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type, bridge or tunnel, signed speed, etc.. Though this database is comprehensive it is not entirely complete or correct, so some 

roads may not contain all the relevant data for producing traffic emissions. 

S4.2.2 Traffic volume data 

Most state roads in NVDB include information on traffic volume, specifically the average number of vehicle passages per day 

(ADT, Annual Daily Traffic). In addition, the fraction of heavy duty vehicles is also provided. Most municipal roads are not 150 

provided with ADT in the database. A traffic model, developed by the Norwegian statistical bureau SSB (Nordbeck and 

Langsrud, 2015) for noise modelling provides these additional municipal road data.  

 

To determine hourly traffic volumes from the daily traffic data then time profiles for light and heavy duty vehicles are used. 

These are derived from traffic counts made by SVV at over 2000 sites throughout Norway. SVV has provided time profiles 155 

for each county in Norway as average hourly time profiles over a week, 168 hours. Currently a single average time profile is 

used for all of Norway, derived from these county data, for light and heavy duty traffic separately. Time profiles are very 

similar over most of Norway but local variations do occur.  

S4.2.3 Exhaust emissions 

Exhaust emissions per hour for a road are determined by multiplying the number of vehicles per hour on the road with the 160 

length of the road and with an emission factor, given as g/vehicle/km. These emission factors vary significantly between 

vehicle types and so average emission factors are determined based on the vehicle fleet makeup. For the current implementation 

of the air quality forecast use is made of average emission factors derived at national level by Statistical Bureau of Norway 

(SSB) (SSB, 2015; 2018) and applied everywhere in Norway. Different emission factors for light and heavy duty vehicles are 

used. Emission factors for NOX and particle exhaust are included. These emission factors are based on the HBEFA emission 165 

model (Hausberger et al., 2009). In addition HBEFA has more recently included ambient air temperature dependence for NOx 

emissions (Keller  et al., 2017) and other recent studies have shown a strong temperature dependence for NOx emissions 

(Weber et al., 2019; Hagman et al., 2011; Grange et al., 2019). A temperature dependent scaling factor is included, Eq. (S13) 

to take into account the hourly variation in temperature. 

S4.2.4 Non-exhaust emissions 170 

Non-exhaust emissions from road, tire and brake wear are calculated using the NORTRIP road dust emission model (Denby 

et al., 2013a and 2013b). This model uses information on studded tire share, traffic volume data, meteorological data and 

winter maintenance data to calculate these emissions. The model also predicts road surface conditions and includes the buildup 

of road dust on the road surface during the winter months and its suspension during dry periods. NORTRIP has been developed 

and tested on many sites in Scandinavia (e.g. Norman et al., 2016; Stojiljkovic et al., 2019). In the current application salt, dust 175 

binding and sanding are included. These are determined based on a set of rules governing their application, dependent on 



7 

 

meteorological conditions and on information received from a number of municipalities on their use of salt and sand. A more 

detailed description for the application of NORTRIP in Norway is beyond the scope of this paper but will be described in a 

future publication.  

S4.2.6 Industrial emissions 180 

Industrial emissions for 300 industrial sites in Norway are available from a database maintained by The Norwegian 

Environmental Agency (Miljødirektoratet) and the SSB (Miljødirektoratet, 2020). This database contains annual emissions for 

a range of pollutants. The database is, however, limited as it provides no information on temporal variation of the emissions, 

provides just one single geographical coordinate for the emissions and provides no information on the heights or the areal 

distributions of the emissions. Only the largest industrial emission sources are included. Due to the limited amount of 185 

information available it is not possible to apply a plume rise model for the stack emissions so in the current forecast application 

all industrial emissions are set to an effective emission height of 100 m.  

S4.2.7 Residential wood combustion 

Residential wood combustion is modelled using the MetVed model (Grythe et al., 2019). The model uses a combination of 

several data sources to determine where wood burning occurs and includes the number and type of dwellings, e.g. houses or 190 

apartments, the energy consumption of the dwellings as well as the number and type of fireplaces and stoves in use along with 

their associated emission factors. The different data sources are combined to provide a ‘wood burning potential’ for any 

particular group of households. This information covers all of Norway at 250 m resolution. In addition to the spatial distribution 

of the wood burning potential it is necessary to know the amount of wood consumed. This information is derived from 

questionnaires regularly sent out by SSB to a few thousand households who are asked, amongst other questions, about their 195 

wood burning habits. From this the total wood consumption per year and per county in Norway is estimated and the wood 

consumption is distributed using the ‘wood burning potential’ determined with the MetVed model. 

 

Wood burning varies with time. Most wood burning occurs in the evenings and in the weekends when people are at home. In 

addition wood burning is dependent on the outside temperature and to a lesser extent precipitation and humidity. In the MetVed 200 

model a daily and weekly burning cycle is used, based on questionnaire data about when people use their wood stoves 

(Aasestad, 2010). This cycle covers each hour of the week and is the same for all of Norway. The influence of temperature is 

included in the model using the heating degree day concept. Total emissions are distributed over the year based on the heating 

degree day value for each day for temperatures less than + 11oC. A single emission height of 15 m is used which reflects wood 

burning emissions from free standing houses. 205 
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S4.2.8 Shipping emissions 

Shipping emissions are calculated with the help of AIS (Automatic Identification System) data. All ships of any reasonable 

size have an AIS transmitter installed. This sends the position and identity of the ship to both satellite and mast receivers every 

few minutes. With this the ships position is continuously tracked. Emissions are calculated using a model, hosted by the 

Norwegian Coastal authorities (Havbase, 2020). This model takes into account the ship type, size, weight and engine type and 210 

uses the change of position of the ship to calculate speed and engine load. When the ship is not moving it is assumed to be at 

port. While the AIS transmitter is on, then the ship engines are assumed to be running and the ship will be emitting exhaust 

pollutants. The Norwegian coastal authorities (Kystverket) provide this information along with a public website for viewing 

ship movements using the AIS data.  

 215 

Shipping emission point data are aggregated into 250 x 250 m2 grids along the coast of Norway. Monthly means are made for 

each month of the year (2017) and these monthly means are used for the same month every year. In addition an average daily 

time profile (24 hours) is made for every month at 2.5 km resolution to take into account regular variations in shipping 

emissions. As in industry large ships emit exhaust from high stacks. The emitted exhaust is most often warmer than the 

surrounding air and will rise. Information necessary to calculate the emission height is not easily available. Since the largest 220 

emitters have high stacks and warm emissions then ship emissions are currently set to a height of 70 m. 

S5. Model verification and sensitivity tests 

S5.1 Comparison of annual and hourly mean calculations 

In Sect. 3 we describe two methods for calculating dispersion. One is based on the hourly meteorological and emission data, 

Sect. 3.1, and the other on annual mean data, Sect. 3.2. The hourly and annual calculations will differ in several ways: 225 

1. The dispersion function used in the two applications usually differs, the hourly calculation is based on the use of Kz 

and the annual on simpler distance functions to describe plume dispersion 

2. The annual calculations assume homogeneity in wind direction and no correlation between wind speed, stability and 

boundary layer height. 

3. Emissions from some pollutant sources, for example road dust and residential wood burning, vary significantly during 230 

the year. The annual concentrations do not take into account any temporal correlation between wind speed, direction, 

stability or boundary layer height and the emissions 

 

We compare the annual and hourly calculations for the same 100 x 100 km2 region surrounding Oslo with a resolution of 100 

m, Fig. S1. For the annual calculations the means of all emissions and all meteorological parameters are applied. For wind 235 

speed the mean of the inverse of the wind speed is used. To assess the differences that occur due to points 2 and 3 above we 
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have made hourly calculations using the same dispersion parameters applied in the annual calculation, using the simple 

parameterisation given in Eq. (24). The dispersion factors from ASME (Smith, 1973) are used in the calculations. 

 

 240 

Figure S1. 100 km modelling domain used for the intercomparison of hourly and annual concentrations centred on Oslo at 100 m 

resolution. Shown is the annual mean concentration of PM10 for the year 2018 as calculated using the hourly calculation method 

(©kartverket/norgeskart.no). 

For the conserved pollutants of PM10 and PM2.5 the scatter plots show very similar results for the two model calculations when 

applying the simple dispersion parameters to both hourly and annual calculations. There is not a one to one correspondence 245 

for the NO2 comparison. This is because the two chemical parameterisations, discrete parcel method and empirical fit, are not 

equivalent.  
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(a)  (b)  

(c)  250 

Figure S2. Comparison of the single annual mean calculation with the annual mean of hourly calculations in the Oslo region, 2018, 

for PM2.5 (a), PM10 (b) and NO2 (c). A simple version of the dispersion scheme has been used so that both hourly and annual 

calculations are directly comparable.  

 

In Fig. S3 we compare the same single annual calculation with the hourly calculation but this time using the Kz parameterisation 255 

for determining the dispersion. In this case the results are not the same, though similar. This indicates that the Kz 

parameterisation provides, not surprisingly, different results to the simple dispersion parameter calculation. 
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It is worth noting that the emission sources near the surface are best represented by the single annual calculation. Elevated 

releases, such as shipping, industry and residential wood burning do not correspond as well to the hourly calculations. We 260 

conclude that good estimates of the concentration fields for PM and NO2 can be obtained using just the simple annual 

calculation and that NO2 will require an improvement in the chemistry parameterisation. The dispersion parameters used in 

the annual calculation are the same under all conditions and their description should be improved to be more compatible with 

the Kz dispersion parameterisation.  This is an important point because the run time for the single annual calculation is a factor 

of 10000 faster than modelling each individual hour. If similar results are obtainable with a single calculation then this aspect 265 

of the model should be developed further. 

 

(a)  (b)  
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(c)  

Figure S3. Comparison of the single annual mean calculation with the annual mean of hourly calculations in the Oslo region, 2018, 270 
for PM2.5 (a), PM10 (b) and NO2 (c). A simple version of the dispersion scheme has been used for the single annual calculation but 

the Kz based dispersion parameterisation has been used for the hourly calculations.  

 

S5.2 Sensitivity to moving window size 

For the Norwegian forecasting system a local fraction region of 5 EMEP grids is applied, Sect. 2.3. The uEMEP calculation 275 

region is set to 4 EMEP grid sizes so the moving window is always covered by the local fraction region, Sect. 2.4. It is 

interesting to see what impact a change in the size of this region will have on the calculated concentrations. To assess this we 

conducted an experiment where the local fraction region was extended to 9 EMEP grids and calculated the concentrations at 

all Norwegian measurement sites using different uEMEP moving window calculation regions, ranging from 8 (20 km) to 1 

(2.5 km) EMEP grids. The assessment was carried out for the month of March 2017 when high emissions of road dust provided 280 

strong local contributions to PM10. 

 

The results for both PM10 and NO2 are shown in Fig. S4 and S5. The behaviour of the model is as expected. As the uEMEP 

calculation region goes from large to small then less local contributions and more non-local EMEP contributions will occur. 

Non-local contributions from EMEP in PM10 that are not primary remain constant whilst the primary emission contribution 285 

from EMEP increases. It could be expected that the smaller the local region is then the lower the concentrations, but the results 

show that for PM10 there is little difference between any of the region sizes. This shows the uEMEP integration method is 

working well and the resulting concentrations are not sensitive to the choice of region. 
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For NO2 there is a steady decrease in concentration from larger to smaller regions, though this only starts to be significant for 290 

2 grids (when compared to the 8 grid case). The choice of a uEMEP calculation region of 4 EMEP grids reflects these results. 

There is only a 2.5% difference when doubling the region to 8 grids, whilst in so doing the calculation time increases roughly 

four fold. The difference in local contribution between the 4 and 8 grid region is around 1.5 µg/m3 for NO2, or 7%. This tells 

us that 7% of the concentration, on average for all stations, comes from the region between 5 and 10 km away. For PM10 this 

is around 4%. 295 

 

(a)  

(b)  
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Figure S4. Change in the average concentrations at all measurement sites in Norway (72) per contributing sector with a change in 

the local fraction (moving window) grid region from 1 to 8 EMEP grids. EMEP contributions are given in capitals and uEMEP 300 
contributions are given in normal text. SOA, SIA, DUST, SEASALT and FIRE (forest) are the PM10 source contributions from 

EMEP not modelled with uEMEP. Only the PRIMARY source contributions from EMEP are included in the local fraction 

calculation.  All uEMEP source contributions (Traffic exhaust, Traffic sand, Traffic salt, Traffic dust (road), Local shipping, Local 

heating and Local industry) are shown. (a) is for PM10 and (b) for NO2. 

(a)  305 

(b)  

Figure S5. As in Fig. S4 but only showing the total average concentration at all measurement sites in Norway with a change in the 

local fraction (moving window) grid region from 1 to 8 EMEP grids. (a) is for PM10 and (b) for NO2. 
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S5.3 Sensitivity to sub-grid resolution 310 

The size of the receptor sub-grids is an important parameter in the model. Even though these are termed ‘grids’ they are in fact 

Gaussian point calculations, centred in each sub-grid. The sub-grid resolution determines the dilution of emissions as well as 

the extent of their distribution. The resolution is also important for the calculation time, since it scales with the number of 

calculations by the power of 4 (halving of the sub-grid resolution results in a 16 fold increase in the number of calculations) 

and so has practical implications for implementation. Concentration calculations several sub-grids away from sources should 315 

be insensitive to the choice of sub-grid resolution but for calculations close to sub-grid emissions this can be important, in 

particular when comparing model results to observed concentrations at measurement sites. In the forecast application sub-grids 

in densely populated areas have a resolution of 50 m, but in most areas this is reduced to 100 m.  For measurement site 

calculations a resolution of 25 m is applied. 

 320 

In Fig. S6 and S7 we show the results of a sensitivity analysis on sub-grid resolution for NO2. Calculations are made at 

measurement sites for a range of sub-grid resolutions from 15 m to 250 m for the year 2017. Also included are the results of a 

shift of the 25 m sub-grid by half a grid (‘Shift 1/2 grid 25m’) along with the 2.5 km EMEP model calculation, without the use 

of uEMEP (‘EMEP’). 

 325 

We see that there is little difference in the annual mean concentrations at individual stations for resolutions between 15 and 

100 m, Fig. S6. The relative RMSE when compared to the 25 m calculation is less than 6% for up to 100 m, Fig. S7. Larger 

differences occur, both positive and negative, for the 250 m grid which show RMSE deviations from the 25 m calculation of 

11%. On average over all stations, Fig. S7, we see that there are only small changes due to a change in resolution. 

 330 

Most monitoring stations in the Norwegian air quality network are traffic stations, positioned close to roads. This means that 

many of the sites are within the emitting sub-grid and the resulting concentrations will depend on the initial dispersion. In Fig. 

S7 we see that the effect of decreasing resolution can lead to both positive and negative deviations. The first occurs when a 

station is positioned in the low resolution emitting sub-grid, but not in the high resolution emitting sub-grid, and the second 

occurs when a station is in the high resolution emitting sub-grid and dilution of the emissions with low resolution sub-grids 335 

leads to a decrease in concentrations. On average these effects cancel, leading to relative little change in the average 

concentrations over all stations.  
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(a)  

 340 

 (b)  

Figure S6. (a) The calculated annual mean NO2 concentrations for a range of sub-grid resolutions, 15 – 250 m. (b) The relative 

change, compared to the 25 m calculation, in annual mean NO2 concentrations. Calculation year is 2017. 
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(a)  

(b)  345 

Figure S7. (a) The calculated annual mean NO2 concentrations for all stations over a range of sub-grid resolutions,15 – 250 m. (b) 

The relative normalised RMSE, compared to the 25 m calculation, in annual mean NO2 concentrations. Calculation year is 2017. 
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S5.4 Temperature dependence of NOx traffic emissions 

In Sect. S3.4.4 the implementation of a traffic exhaust NOX emission temperature dependence is described. To test the 350 

sensitivity of the model calculations to this assumption then the parameterisation is turned off and the calculations for 2017 

redone. The results show a significant reduction in the station mean time series correlation (Fig. S8), from r2=0.79 to 0.64, 

without the temperature dependence. The annual mean correlation is also slightly reduced (Fig. S9), from r2=0.81 to 0.77. 

Average negative bias also increases from -6% to -20%. These results indicate the need for the temperature dependent traffic 

exhaust NOx emissions. 355 

 

(a)  

(b)  
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Figure S8. Daily mean time series, average all stations, for NO2 2017. (a) is the standard calculation with temperature correction 360 
and (b) without temperature correction. EMEP calculations are not affected by the temperature correction in this sensitivity 

assessment. 

 

(a) (b)  

 365 
Figure S9. Annual mean scatter plots for all stations for NO2 2017. (a) is the standard calculation with temperature correction and 

(b) without temperature correction. EMEP calculations are not affected by the temperature correction in this sensitivity assessment. 

 

S5.5 NO2/NOX emission ratio 

In Sect. 3.4 the NO2 chemistry scheme is described. One parameter in this is the initial NO2/NOx emission ratio (fNO2,0 ). For 370 

all emissions except traffic exhaust this is set to 0.1 in the model calculations. However, for traffic exhaust this is set to a 

higher value of 0.25, which reflects the high percentage of diesel vehicles in the Norwegian traffic fleet, as these can have 

NO2/NOx emission ratios of up to 0.45 (Hagman et al., 2011). A sensitivity test was carried out for this ratio using three 

alternative values for the initial traffic exhaust NO2/NOx ratio of  0.15, 0.25 (current) and 0.35. These calculations were 

carried out at monitoring sites for the year 2017. In Fig. S10 the modelled NO2 is plotted against NOx using the three 375 

alternative values. Also included in the plot is the empirical fit to annual mean observations, Sect. 3.5. The ratio used in the 

model will affect the final NO2/NOx ratio, particularly for the highest NOx concentrations that represent traffic stations on 

busy roads. A value of 0.15 places the modelled NO2/NOx concentrations much closer to the empirical fit to observations and 

will be used in future calculations.  

 380 
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Figure S10. Impact of a change in the initial NO2/NOX emission ratios for traffic for three cases where fNO2,0  = 0.15, 0.25 and 0.35. 

Also shown is the empirical fit to observations given in Sect. 3.5. 
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