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Summary 
In this project, we studied the changes in air quality due to emission reductions in 
Europe with a focus on Switzerland using an air quality model (CAMx). We 
performed the model simulations for the following entire years: 1990 (for 
retrospective analysis); 2005 (as the reference year); 2006 (for model validation) and 
2020 (using three emission scenarios prepared by IIASA in the framework of the 
revision of the Gothenburg protocol). We used the same meteorology of the year 
2006 (modelled by the WRF meteorological model) in all cases. The focus in this 
study was on ozone, PM2.5 and PM10. We analysed the model results as relative 
differences with respect to the reference year 2005. The investigated parameters 
were annual average concentrations of ozone, PM2.5 and PM10, indicators for 
ozone impacts on forests (AOT40) and health (SOMO35) as well as nitrogen 
deposition. We discuss the results for Switzerland only in this report; the figures for 
the rest of Europe can be found in the Appendix. 
Comparisons of model results with various detailed measurement data suggest that 
the model reproduced the concentrations of the gaseous and particulate species 
quite well, except for a few discrepancies in winter that occurred mainly during 
periods with strong inversions, which are not well captured by the meteorological 
model.   
Among the three scenarios BL (baseline), Mid and MTFR (Maximum Technically 
Feasible Reduction), the BL scenario is the closest to the recently revised 
Gothenburg Protocol. The predicted anthropogenic emissions for 2020 in Europe are 
lower than those in 2005 and the differences vary according to pollutant, source and 
country.  
We chose 1990 for the retrospective analysis, because it was the reference year for 
the first Gothenburg Protocol. We simulated the air quality in 1990 using emission 
data for that year and compared the results with measurements. The modelled 
relative decreases of 35-45% in annual average concentrations of PM2.5 and PM10 
between 1990 and 2005 agree quite well with those from measurements at various 
sites in Switzerland. The absolute values of modelled AOT40 and SOMO35 for 2005 
also match the data obtained from measurements. The model results suggest a 
significant decrease in AOT40 since 1990. Observations however, show not only a 
decrease at some rural sites but also an increase at urban sites during that period. A 
similar discrepancy was also found for SOMO35. Since calculation of AOT40 and 
SOMO35 is very sensitive to the threshold values, the background ozone 
concentrations might affect the model results. We repeated the simulations for 1990 
with lower background ozone concentrations and found that the discrepancy between 
the model results and measurements became smaller but did not disappear. Even 
though the background ozone concentrations used in the model for 1990 and 2005 
were based on observations, they might need further revision to be addressed in a 
follow-up project.  
The modelled PM2.5 concentrations in 2005 varied between 10 – 15 µg m-3 in 
Switzerland and PM2.5 / PM10 ratio was about 80%. Emission reductions according 
to the baseline scenario would lead to about a 30% decrease in PM2.5 
concentrations in 2020. The largest decrease in PM2.5 was predicted to be about 
45% using the MTFR scenario. On the other hand, the annual average ozone 
concentrations would decrease only by about 5% over the Alpine regions and would 
continue to increase in the Swiss Plateau. Further analysis of our results suggests 
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that although emission reductions do lead to a decrease in peak ozone 
concentrations, they also cause an increase in low ozone concentrations especially 
in urban areas due to less titration with NO. AOT40 values, which refer to ozone 
levels above 40 ppb, were predicted to decrease in 2020 by more than 50% during 
the vegetation period. The health-relevant indicator SOMO35 for 2020 was also 
predicted to be lower by about 30-40% with respect to the reference year 2005. 
However - as discussed above - these two indicators depend strongly on the 
background ozone concentration and its evolution. 
In addition to the pollutant concentrations, we analysed the nitrogen deposition as 
well. We modelled both dry and wet deposition of all oxidized and reduced nitrogen 
species. The highest modelled nitrogen depositions are over the Swiss Plateau and 
in southern Switzerland (20-25 kg N ha-1.y-1). The depositions of the reduced nitrogen 
species ammonia and particulate ammonium in Switzerland were found to be larger 
than the deposition of the oxidized species and they occur mainly north of the Alps 
where ammonia emissions are the highest. The results of the retrospective study 
indicated a decrease of 10 – 30% in nitrogen deposition since 1990. Applying the 
baseline scenario, we found that the nitrogen deposition would decrease by about 
25% in 2020 compared to 2005, mainly due to the reduction in the oxidized fraction. 
The results obtained in this modelling study show the need for a detailed analysis of 
background ozone concentrations for use in calculating AOT40 and SOMO35 trends. 
These vegetation and health impact indicators are very sensitive to that parameter.  
The modelled data obtained in this project for different years using various emission 
scenarios provide a valuable starting point for further, more detailed analyses of 
individual aerosol species, their trends, seasonal variations and deposition rates.     
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1 Introduction 
Air quality is important for the human health, crop growth and ecological system. Air 
pollution can affect our health in many ways such as irritation to the eye, nose and 
throat, chronic respiratory and cardiovascular diseases [Pope and Dockery, 2006]. 
One of Europe’s main environmental concerns is the air pollution and current policy 
focuses mainly on ozone (O3) and particulate matter (PM10 and PM2.5). In spite of 
the current legislation devoted to air pollution control, ozone and PM10 levels often 
exceed the ambient air quality standards in Europe (standard for ozone is 120 µg m-3 
maximum daily 8-hour mean, for PM10 50 µg m-3 daily mean).  

In an earlier study we calculated the effects of numerous regulations enforced in 
Europe since 1985 and predicted the effects of Gothenburg protocol targets for 2010 
on ozone [Andreani-Aksoyoglu et al., 2008]. Our results suggested that the decrease 
in local ozone production due to emission reductions might have been partly or 
completely compensated by the simultaneous increase in the background ozone, 
indicating that the further development of the background ozone concentrations in 
Europe would be very important for tropospheric ozone levels. The ozone precursor 
emissions in Europe and in North America have decreased significantly since 1980s 
while NOx emissions increased dramatically in Asia in the last decade [Zhang et al., 
2010]. Ozone concentrations in Europe can therefore be affected by emissions from 
other continents due to its sufficiently long lifetime. 
In 2007, the Convention on Long-Range Transboundary Air Pollution initiated the 
revision of its Gothenburg multi-pollutant/multi-effect protocol [UNECE, 1999]. In the 
revised protocol, fine particulate matter (PM2.5) was included. The EMEP Centre for 
Integrated Assessment Modelling (CIAM) at IIASA prepared various emission control 
scenarios for cost-effective improvements of air quality in Europe in 2020 using the 
GAINS (Greenhouse gas – Air pollution Interactions and Synergies) model.  
In this study, we used the CAMx air quality model with a horizontal resolution higher 
than the EMEP model to simulate the air quality for 2020 using various emission 
scenarios. We investigated the effects of emission reductions on ozone and 
particulate matter in Europe with a focus on Switzerland. We also performed model 
simulations for 1990 and evaluated the changes in air quality since then. In this 
report, we discussed the changes in annual average concentrations of pollutants, 
nitrogen deposition and damage indicators AOT40 and SOMO35 between the 
reference year 2005 and 2020 as well as between 1990 and 2005.  
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2 Method 
In this project we used the 3-dimensional air quality model CAMx (Comprehensive 
Air quality Model with extensions, http://www.camx.com) and meteorological model 
WRF (Weather Research and Forecasting Model, http://wrf-model.org/index.php). 
Details of these two models are given in the Appendix 1.  
The coarse model domain covered whole Europe with a horizontal resolution of 
0.250º x 0.125º (Fig. 2.1). A second, nested domain with three times higher 
resolution covered Switzerland. There were 31 layers in WRF of which 14 were used 
in CAMx. The lowest CAMx layer (surface layer) was 20 m above ground and the top 
of the model was at about 7 km a.s.l. Details on model parameterization can be 
found in Aksoyoglu et al., [2011]. The model results in the lowest layer of the nested 
domain with higher resolution were discussed in this report.  
The meteorological model WRF was reinitialized every four days while we ran the 
chemical transport model CAMx continuously for the entire year. We calculated the 
meteorological fields for 2006 with the WRF model and used them for all the CAMx 
simulations with different emission scenarios shown in Table 2.1. The details of 
emissions are given in Chapter 3. We performed the model validation using available 
data from measurement campaigns (with aerosol mass spectrometer, AMS) and 
monitoring networks (NABEL) for the year 2006. The reference year is 2005 for 
comparison with various future emission scenarios. 
 

 
Figure 2.1: Model domains in latitude-longitude coordinates. Horizontal resolution: 
Domain 1: 0.250º x 0.125º, Domain 2 (in red): 0.083º x 0.042º 
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Table 2.1 Description of emission scenarios 

Name year Description CEIP / GAINS scenario 
V 2006 model validation CEIP 2006 
RC: 2005 Reference case  CEIP 2005,CIAM4-PRIMES-

baseline 
BL 2020 Baseline GAINS CIAM4-PRIMES-baseline 
Mid 2020 Mid GAINS CIAM4-PRIMES-Mid 
MTFR 2020 Maximum technically 

feasible reduction 
GAINS CIAM4-PRIMES-MTFR 

Retro 1 1990 Retrospective analysis 
with lower background 
ozone than in 2005  

CEIP 1990, Goth_NAT_July2011 
(for PM2.5 and PM10) 

Retro 2 1990 Retrospective analysis 
with same background 
ozone as in 2005 

Same as Retro 1 

  
Initial and boundary concentrations for the reference year (2005) were extracted from 
the output of the global model MOZART [Horowitz et al., 2003]. The choice of the 
background ozone is crucial in air quality simulations and for predicting the effect of 
emission reductions [Andreani-Aksoyoglu et al., 2008]. A recent analysis of various 
ozone observation data in Europe showed that ozone increased in the 1980s and 
1990s but started decreasing slowly in summer in the 2000s with no significant 
changes in other seasons [Logan et al., 2012]. Authors indicate the inconsistencies in 
various data sets leading to different trends. It is therefore very difficult to choose a 
realistic background ozone concentration for the model domain and for the period of 
interest. In this work, we kept the background ozone concentrations constant for the 
period between 2005 and 2020 (see Table 2.2) based on observations [Wilson et al., 
2012; Logan et al., 2012]. We performed simulations for 1990 however with two 
different background ozone concentrations. In Retro 1 scenario, background ozone 
concentration in 1990 is 5 ppb lower than those in the other scenarios for 2005 and 
later. In Retro 2, we kept ozone concentrations the same as in the other scenarios 
assuming that background ozone did not change anymore between 1990 and 2005.   
 
Table 2.2: Ozone concentrations (ppb) used in the initial and boundary 
concentrations for various seasons (DJF: December, January, February, MAM: 
March, April, May, JJA: June, July, August, SON: September, October, November).  

Scenario DJF MAM JJA SON 

V 2006  40 45 50 45 

RC 2005 40 45 50 45 

BL, Mid, MTFR 2020 40 45 50 45 

Retro 1 (1990) 35 40 45 40 

Retro 2 (1990) 40 45 50 45 
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3 Emissions 
Emissions originate from both biogenic and anthropogenic sources. We calculated 
the biogenic emissions using our own model (see Chapter 3.4). Raw anthropogenic 
emission data for air quality models are usually available as gridded annual emission 
totals of a set of species released by specific source categories. In general, the 
species are restricted to explicit inorganic pollutants (NOx, SO2, CO etc.), non-
methane volatile organic compounds (NMVOC) and particulate matter (PM10, 
PM2.5). The data provider specifies the projection of the grid, which is adapted to the 
domain of interest (e.g. lat / lon for global or European emissions, oblique Mercator 
projection for Switzerland). Hence, this data has to be transformed to the 
requirements of the chemical mechanism for the model domain of interest. In the 
current set-up of CAMx, NMVOC are split into lumped species according to the 
chemical reaction scheme CB05 (Carbon Bond Mechanism 5) [Yarwood et al., 2005]. 
This lumped mechanism is based on chemical bonds. Each of the CB05 species is 
characterized by specific properties such as the reaction rate constant.  
Particulate matter is usually reported as total PM10 and PM2.5. To split those 
emissions into primary elemental carbon (PEC) and primary organic aerosols (POA), 
we estimated the ratio POA / (POA+PEC) as 0.6 on the basis of published 
measurements [Szidat et al., 2006; Alfarra et al., 2007]. The authors found that the 
observed ratio varies substantially with time, emission source and location.  
Gridded emissions refer to a specific year. In order to harmonize data from different 
sources and reference years, emissions have to be converted to a common 
reference year. We normalized the data using annual emission totals for each 
country. There are two data sources available. The first one is the Centre of Emission 
Inventories and Projections (CEIP) of the European Monitoring and Evaluation 
Programme (EMEP) that manages a database of annual emissions until 2009 
submitted by the European countries (http://www.ceip.at/webdab-emission-
database/emissions-as-used-in-emep-models/). The second data source is the 
International Institute for Applied Systems Analysis (IIASA) that runs the GAINS 
model (Greenhouse Gas and Air Pollution Interactions and Synergies) for emission 
projections until 2020 on the basis of the economic development assumed for each 
country (http://gains.iiasa.ac.at/gains/EUN/index.login). Numerous scenarios for 
different economy and technology related assumptions are available.  
. 

3.1 European Anthropogenic Emissions 
We used the gridded TNO/MACC emission inventory (http://www.gmes-
atmosphere.eu/) for 2006 as the basic anthropogenic emission inventory [Denier van 
der Gon et al., 2010]. It was also used to prepare gridded, hourly emissions for other 
years by scaling it with annual data from CEIP and GAINS. Information on the TNO / 
MACC inventory is given in Table 3.1. Each grid cell may contain emissions from 
different source areas (see Table 3.2). For instance, grid cells located on the 
borderline of two countries contain two contributions. Ship emissions are reported as 
off-road (SNAP 8) emissions for the 5 major water bodies Atlantic Ocean, Baltic Sea, 
North Sea, Mediterranean Sea and Black Sea. Note that grid cells within coastal 
areas usually have contributions from international shipping and from off-road traffic 
of the respective country. Annual, weekly and diurnal time variations are provided as 
well. The diurnal dependence refers to the civil time of each country, e.g. Central 
European Summer Time (CEST) for France or British Summer Time (BST) for UK in 
summer. Hence, for each country the diurnal time function has to be shifted to UTC 
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specified as the standard time for the whole domain, which is also the common time 
zone in WRF and CAMx. 
The NMVOC of each SNAP category into the species of the CB05 mechanism are 
split according to the rules suggested by TNO. As an alternative, the CB05 species 
can be calculated on the basis of the explicit compound distribution for each SNAP 
category as proposed by Passant [2002] and the conversion rules provided by 
ENVIRON [Yarwood et al., 2005].  
 
Table 3.1: Features of the European anthropogenic emission inventory TNO/MACC 

projection geographic (lat / lon) 
longitude range -15 to 35 deg E 
latitude range 35 to 70 deg N 
longitude grid cell size 0.125 deg (9.5 km at 47 deg N) 
latitude grid cell size 0.0625 deg (6.9 km) 
no. WE grid cells 400 
no. SN grid cells 560 
species NOx, SO2, CO, NH3, NMVOC, CH4, PM10, 

PM2.5 
Unit t year-1 grid cell-1 
source categories of land emissions according to SNAP (Tab. 3.2) 
source category of ship emissions SNAP 8 (off-road) 
reference year 2006 
 

Table 3.2: SNAP categories of the European emissions 

SNAP Description 
1 public power, cogeneration and district heating plants 
2 commercial, institutional and residential combustion 
3 industrial combustion and processes with combustion 
4 non-combustion production processes 
5 extraction and distribution of fossil fuels 
6 solvent use 

71 road transport gasoline 
72 road transport diesel 
73 road transport, liquefied petroleum gas (LPG) 
74 road transport evaporation 
75 road transport, brake-wear 
8 other mobile sources and machinery (off-road) 
9 waste treatment and disposal 

10 agriculture 
 

3.2 Swiss Anthropogenic Emissions 
The gridded Swiss anthropogenic emissions are not available as a single harmonised 
data set but are provided by different partners. They are not classified according to a 
common scheme such as the SNAP emission categories. Moreover, the reference 
years and the grid projections, resolutions and offsets may differ. As described 
below, the data sets delivered refer either to a common emission source or a single 
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pollutant. These data therefore, were scaled to a common structure as described in 
Chapter 3.3. 
Road traffic 
Annual road traffic emissions of NOx, CO, NMVOC, toluene, benzene, xylene, PM10 
and PM2.5 were prepared by INFRAS on the basis of the “Handbook of Emission 
Factors for Road Transport (HBEFA) [INFRAS, 2010]. Data are split into link and 
zone emissions. The co-ordinates are based on the Swiss co-ordinate system. The 
spatial resolution is 250 m for NOx, toluene, benzene, xylene, and 200 m for 
NMVOC, CO, PM10 and PM2.5. Reference year is 2005 for NMVOC and CO and 
2000 for the remaining species. Temporal variations were provided as well [Heldstab 
and Wuethrich, 2006].  
Since cars in Switzerland have to fulfil the same emission standards as those of EU 
(Euro standards), the total NMVOC emission was split into the CB05 species 
following the rules of Passant [2002] for the SNAP category 7 and of ENVIRON as 
described above. 
Industrial and Residential Sources 
Annual NOx, PM2.5 and PM10 emissions from residential activities, heating, industry, 
off-road traffic, rail transport (PM only) and agriculture / forestry on a 200 m 
resolution have been provided in gridded form by Meteotest, based on the national 
inventory. Reference year of this data set is 2000. Annual totals of PM10 emissions 
have been split into numerous sub-categories according to Kropf [2001] and 
Heldstab et al. [2003]. PM emissions of wood combustion are supposed to be 
released entirely as PM2.5. INFRAS and Meteotest provided the gridded PM2.5 
wood burning emissions from residential and industrial sources. It is important to 
mention that wood burning emissions have already been included in the 2000 data 
source, but the spatial distribution was not as detailed as they are now. 
Spatial distributions of total annual NMVOC emissions from industry and household 
were also provided by INFRAS [Heldstab and Wuethrich, 2006]. The split into the 
explicit speciation according to the scheme of Passant and the conversion to CB05 
were performed on the basis of a survey of different sources such as paint 
production, paint use, printing industry, solvent use, etc. [Schneider, 2007]. 
NH3 Sources 
Meteotest provided annual NH3 emissions for 2000 and 2007 on a 1 km grid. This 
data includes the sum of emissions from household, industry, road traffic, waste 
treatment and disposal, agriculture, and natural sources [Kupper et al., 2010].  
SO2 Sources 
Sulphur dioxide is mainly emitted by industrial and residential combustion. Electric 
power generation from thermal plants is negligible in Switzerland. However, 
emissions in SNAP category 1 are due to district heating plants (including municipal 
waste incineration plants). Since no gridded SO2 emission inventory is available, 
synthetic grids have been created. Those grids have the same spatial distribution as 
NOx from industrial and residential sources and the annual total for Switzerland as 
provided by BAFU (http://www.ceip.at/webdab-emission-database/emissions-as-
used-in-emep-models/).  
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3.3 Scaling emissions for different years and scenarios  
The European emission grids for the reference year yyyyscem of a given emission 
scenario were calculated by scaling the raw data (reference year yyyyref = 2006 for 
the European TNO/MACC emissions) using annual emission totals for each country, 
species and SNAP category. There are 2 cases to be distinguished: 

a. yyyyscem < 2010. The annual emissions for each SNAP category are 
extracted from the EMEP / CEIP database, which includes emissions of the 
past as submitted by the EMEP member states. Emissions Eraw of all grid 
cells associated to a common country are scaled with the ratio 
ECEIP(yyyyscem) / ECEIP(yyyyref). This procedure has been applied to 
calculate the data sets for 2005 (reference scenario) and 1990 (retro 
scenario).  
PM data are available only for years later than 2000. For the Retro case 
(1990) a data set was created by scaling 2005 data with GAINS simulations 
[Wagner, 2012]. For countries with missing data for 1990, emissions are 
supposed to be constant until the first year of submission. 
Ship emissions are available from CEIP back to 1990. 

b. yyyyscem ≥ 2010. For the 2020 scenarios the 2005 data were scaled to 2020 
using the GAINS CIAM4 / 2011 simulations of the Reference Case RC 
(2005), BL, MTFR and Mid scenarios (2020). 
For national and international maritime traffic in 2000 and various scenarios in 
2020 emission data for NOx, SO2 and PM2.5 are compiled by [Cofala et al., 
2007]. However, international ship emissions are not subject to the revision of 
the Gothenburg Protocol. Therefore, those emissions were modified and kept 
constant for all 2020 scenarios [Wagner et al., 2010].   

In Appendix 2 the annual emissions of France, Germany, Austria, Italy, Switzerland 
and the 5 maritime areas are listed for the various scenarios. Note that for the 
reference year 2005 the GAINS emissions may substantially differ from those of 
provided by CEIP, depending on pollutant and SNAP category. There is no GAINS 
data for CO because it is not included in the Gothenburg Protocol.  
Anthropogenic emissions for 2006 (calculated using TNO/MACC inventory) are also 
given in the tables for comparison. 

3.4 Biogenic Emissions 
The most abundant BVOC (biogenic volatile organic compounds) species in 
Switzerland are monoterpenes, which are emitted mainly by Norway spruce and fir 
trees. Less abundant, but much more reactive is isoprene emitted predominantly by 
oak trees and, to a lesser extend, by spruce and pasture. NO emissions are caused 
by bacteriological decomposition in soils. Monoterpene and NO emissions are 
temperature dependent, whereas the isoprene release is a function of both 
temperature and shortwave irradiance. Recently, sesquiterpene has also been 
identified as a relevant species. In [Andreani-Aksoyoglu and Keller, 1995] and [Keller 
et al., 1995] a method for the estimation of biogenic emissions is given. We 
calculated the gridded biogenic emissions directly for each CAMx domain using the 
corresponding land use and meteorological data.  
First, we converted the global USGS land use data on a 30’’ grid, to our domains 
using the WRF / WPS pre-processors. We then replaced them by the GlobCover 
2006 inventory [ESA_GOFC-GOLD, 2011]. For each European country the 
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deciduous and coniferous forest fractions were split into the tree species mentioned 
above according to Simpson et al. [1999]. Inside the Swiss border the global data 
were replaced by data of the land use statistics (100 m resolution) issued by the 
Federal office of Statistics [BFS, 1999] and by forest data (1 km resolution) taken 
from the national forest inventory [Mahrer and Vollenweider, 1983]. The latter 
includes the land cover of 10 different tree species, in particular spruce, fir and oak. 
About 24% of the Swiss area is covered with forests, of which 71% are coniferous. 
Norway spruce and fir are the most abundant species (67 and 20 % of the coniferous 
forests, respectively). Oak trees on the other hand, contribute only 8% to deciduous 
trees. Gridded temperature and shortwave irradiance data were extracted from the 
WRF output. The total BVOC emissions modelled for 2006 are 100.5 kt in 
Switzerland and they are composed of monoterpenes (95%), sesquiterpenes (3%) 
and isoprene (2%). The distribution of BVOC emissions on Swiss grid cells is shown 
in Fig. 3.1. The annual BVOC emissions for 2006 are comparable to the 
anthropogenic NMVOC emissions for 2005, but in 2020 anthropogenic emissions 
would be lower (see Table A2.5). This indicates the increasing importance of 
biogenic emissions with further reductions of anthropogenic NMVOC emissions. 
Currently the biogenic emission inventory is being improved by extending the number 
of species and trees, using best available land use data, and including updated 
temperature and irradiance dependencies [Oderbolz et al., 2013]. 

 
Figure 3.1. Total modelled biogenic VOC emissions (isoprene, monoterpenes and 
sesquiterpenes) in 2006.   
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3.5 Conversion of the emissions to the CAMx grids 
First, we converted the European emission inventory to the CB05 mechanism as 
described in Chapter 3.1. Subsequently the geographic coordinates were 
transformed to the lon / lat coordinates of each CAMx domain. It is worth mentioning 
that the coarse domain (domain 1) is the same as the domain of the TNO/MACC 
emission inventory, but the grid cell size is increased by a factor of 2. For grid cells 
located within the Swiss boundaries, the European values were replaced by the 
Swiss emission data. Anthropogenic emissions of a given CAMx grid cell were 
calculated by computing the geographic (or Swiss) co-ordinates of the 4 corners and 
the totals of the European (or Swiss) emission rates within the respective polygons. 
Biogenic emissions do not need to be converted since they are already based on the 
meteorological grids. 

3.6 Emission scenarios 
We defined seven emission scenarios as shown in Table 2.1. Note that for all 
scenarios the meteorology is the same and refers to 2006. We chose 2006 for model 
validation because of the availability of various detailed measurements and the 
experience acquired in previous studies. The European emissions refer to that year 
as well. The reference year is the year for which the CEIP or GAINS emission data 
was extracted. The reference case (2005) is compared with the other scenarios. The 
baseline scenario (BL) assumes an emission development following the current 
legislation. The Mid is an emission scenario with moderate emission reductions 
between BL and MTFR scenarios where MTFR considers the maximum technically 
feasible reduction (MTFR) of emissions. It contains the lowest emissions for most of 
the source categories. 
The retrospective scenario (retro) is not related to the revision of the Gothenburg 
Protocol but refers to the actual emissions in the past. Since data of PM2.5 and 
PM10 are only available for 2000 and later, 1990 data were calculated on the basis 
of 2005 data using GAINS simulations for that year. We performed the scenario for 
1990 with two different background ozone concentrations (referred to as Retro 1 and 
Retro 2) as described in detail in Chapter 4.3.1. The results of Retro 1 (with lower 
background ozone in 1990 than in 2005) were used for comparisons with the 
reference case RC (2005). 
In Fig. 3.2, we compared the relative changes in annual emissions with respect to the 
reference case RC (2005) for various scenarios in Switzerland (CH) and the 
surrounding countries Germany, France, Italy and Austria (D/F/I/A). We included 
emissions for the revised Gothenburg Protocol (2020 rev) in the figure although there 
was no GAINS scenario available during the time of this work. After the revised 
protocol was signed, it became clear that the committed reductions were very similar 
to those for the baseline (2020 BL) or in some cases even lower (see Fig. 3.2). In 
general, reductions in BL and Mid scenarios are similar for most of the pollutants 
except for NH3. As expected, reductions in the MTFR case are the largest among all 
scenarios. The relative changes for Switzerland are usually lower than its neighbour 
countries Germany, France, Italy and Austria, except for PM2.5 for which reductions 
are comparable. 
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Figure 3.2. Relative changes (%) in annual emissions of SO2, NOx, NMVOC, NH3 
and PM2.5 with respect to reference case RC (2005) for various scenarios in 
Switzerland (CH) and surrounding countries Germany, France, Italy and Austria 
(D/F/I/A).  
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4 Results and discussion 
We discuss here only the model results for the area of Switzerland in the second 
domain. The results for the European domain are given in Appendix 3.  

4.1 Model validation 
Meteorological parameters 
The meteorological parameters simulated by the WRF model were compared with 
measurements at 24 ANETZ stations in Switzerland (see Fig. 4.1.1 for some 
examples). In general, performance of WRF model using ECMWF data for 
initialization looks better than that of previously used MM5 model using COSMO7 for 
initialization for the same period of time [Andreani-Aksoyoglu et al., 2009], especially 
for temperature, specific humidity and wind speed. As expected, model results for the 
meteorological parameters agree with observations better in summer than in winter. 

 
Figure 4.1.1: Measured and modelled surface temperature and wind speed at the 
ANETZ site Zurich Kloten (KLO) in January and June 2006. Blue: measurements, 
red: WRF model, green: ECMWF (used for initialization in model). 
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Gaseous species 
We compared the CAMx model results with measurements from the field campaigns 
as well as from the national air pollution-monitoring network NABEL in 2006. Time 
series of gaseous species such as CO, SO2, NOx and O3 at some NABEL stations 
are shown in Figs. 4.1.2 - 4.1.5. In general, model could reproduce the temporal 
variation of pollutants quite well. However, the model performance gets worse in 
winter because of the difficult meteorological conditions in winter 2006 when 
exceptionally cold inversion periods with extended fog layer occurred. Comparison 
with measurements suggests that the model performance for gaseous pollutants is 
better at locations with higher altitudes (i.e. Chaumont, Rigi, Davos). At urban sites 
where local emissions are relatively high, NOx concentrations are usually 
underestimated because of the model resolution (see Fig. 4.1.4) leading to 
overestimation of ozone concentrations at night and in the morning. In addition to the 
horizontal resolution, representation of inversion layer at night and mixing layer 
during the day also plays an important role in the modelling of pollutant 
concentrations. In case of ozone, although the temporal variation is captured, 
maximum concentrations in summer are underestimated (Fig. 4.1.5).  
The modelled and measured frequency distributions of ozone concentrations 
(histograms) in 2006 are shown in Fig. 4.1.6 together with the cumulative frequency 
distributions. The distributions at the rural site Laegern are similar for both measured 
and modelled ozone concentrations. They both have the highest number of points 
approximately in the middle of the graph. At urban sites such as Zurich and Lugano, 
on the other hand, the discrepancy between the measurements and model results at 
low concentrations can be clearly seen. These results show how difficult it can be to 
compare and interpret parameters such as ozone damage indicators AOT40 and 
SOMO35 that are calculated by summing measured or modelled ozone values above 
thresholds of 40 and 35 ppb, respectively. This point is discussed further in Section 
4.2.2 and 4.2.3.   
 

 
Figure 4.1.2: Measured (red) and modelled (black) hourly concentrations of CO (ppb) 
at Payerne (rural) and Rigi (mountainous) in 2006. 
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Figure 4.1.3: Measured (red) and modelled (black) hourly concentrations of SO2 
(ppb) at Basel (suburban), Chaumont (rural) and Zurich (urban) in 2006. 

 
Figure 4.1.4: Measured (red) and modelled (black) hourly concentrations of NOx 
(ppb) at Laegern (rural), Basel (suburban) and Zurich (urban) in 2006. 
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Figure 4.1.5: Measured (red) and modelled (black) hourly concentrations of O3 (ppb) 
at Chaumont (rural), Davos (mountainous), Laegern (rural), Payerne (rural), Rigi 
(mountainous) and Zurich (urban) in 2006. 
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Figure 4.1.6: Frequency (left) and cumulative frequency (right) distribution for ozone 
concentrations at Laegern (rural, north), Basel (suburban, north), Zurich (urban, 
north) and Lugano (urban, south). 
 
Aerosols 
There were two aerosol measurement campaigns in 2006: one in January at Zurich 
and another in June at Payerne. Figs. 4.1.7 and 4.1.8 show the comparison of the 
modelled concentrations of particulate species with the measured ones during the 
two campaigns. Particulate nitrate, sulphate, ammonium, and organic aerosol 
measurements refer to AMS (Aerosol Mass Spectrometer) data [Lanz et al., 2010]. 
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Elemental carbon (EC) data are calculated from Aethalometer black carbon (BC) 
concentrations. 
The winter period in 2006 was exceptionally cold and was characterized by strong 
inversion episodes. An extended fog layer over the Swiss Plateau persisted 
especially between 6 and 16 January and after 23 January. These conditions 
accompanied by low-wind speeds lead to difficulties for the meteorological models to 
reproduce correctly the meteorological parameters that are crucial for the air quality 
model, as we experienced earlier with the MM5 model [Aksoyoglu et al., 2011]. 
Although we could reproduce the meteorological parameters much better than 
before, concentrations of particulate sulphate for the low-wind period in January are 
underestimated (Fig. 4.1.7). Sulphate is formed via aqueous chemistry using the 
cloud water content. Underestimation of sulphate during the period between 6 and 16 
January is most likely due to the fog layer that cannot be reproduced in models 
correctly. The good agreement with measurements on fog-free days (17-24 January) 
and in June (Fig. 4.1.8) supports this explanation. Overestimation of SO2 in January 
at Zurich (Fig. 4.1.3) also indicates insufficient formation of sulphate in the model. 
The modelled concentrations of the primary species such as EC are very close to the 
measurements both in January and June (Figs. 4.1.7 and 4.1.8). Modelling of organic 
aerosols is still quite demanding mainly due to the limited knowledge about the 
secondary organic aerosol formation. The CAMx model used in this study includes a 
SOA model based on the partitioning theory using various precursors such as 
anthropogenic and biogenic VOC species as well as the oligomerization process 
leading to an increase in aerosol concentrations. The recently developed VBS 
(volatility basis set) approach based on volatility has not yet been implemented in 
CAMx. The model performance for organic aerosols is reasonably well for relatively 
low concentrations, however, it becomes worse when formation of secondary organic 
aerosols increases. The overall PM2.5 (sum of inorganic and organic species) 
concentrations could be reproduced quite well in June whereas modelled PM2.5 is 
lower than the measurements for some days in January (Figs. 4.1.7 and 4.1.8).  
We also compared the modelled PM2.5 and PM10 concentrations with 
measurements during the whole year at some NABEL stations as seen in Figs. 4.1.9 
and 4.1.10, respectively (note that these PM2.5 measurements are not the same as 
those in Figs. 4.1.7 and 4.1.8). The average ratio of modelled PM2.5 / PM10 is about 
80%. We could reproduce the temporal variation of particulate matter quite well. 
Agreement between the modelled and measured PM concentrations is reasonably 
good at the rural sites. The model performance is excellent at Chaumont which is 
1136 m a.s.l. (see Fig. 4.1.9). On the other hand, measured PM2.5 concentrations at 
the other locations are higher than the modelled ones in winter months. It is clearly 
seen from the time series for PM2.5 and PM10 that model performance gets worse 
during the winter months. This is partly due to the difficult meteorological conditions 
prevailing during the cold days with strong inversions that lead to high uncertainties 
in calculated meteorological parameters. Another reason might be the 
underestimation of wood burning contribution to emissions. Histograms for measured 
and modelled PM10 concentrations in 2006 show a very similar distribution at the 
rural site Chaumont with a very good model performance whereas high 
concentrations at urban sites were underestimated (Fig. 4.1.11).  
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Figure 4.1.7: Measured (red) and modelled (black) hourly concentrations of 
particulate nitrate, sulphate, ammonium, organic aerosols, elemental carbon (EC) 
and PM2.5 (sum of all species shown above) at Zurich in January 2006. 
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Figure 4.1.8: Measured (red) and modelled (black) hourly concentrations of 
particulate nitrate, sulphate, ammonium, organic aerosols, elemental carbon (EC) 
and PM2.5 (sum of all species shown above) at Payerne in June 2006. 
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Figure 4.1.9: Time series of measured (red) and modelled (black) concentrations of 
PM2.5 at Chaumont (rural, elevated) and Lugano (urban) in 2006.  

Figure 4.1.10: Time series of measured (red) and modelled (black) concentrations of 
PM10 at Chaumont (rural, elevated), Rigi (mountainous) and Zurich (urban) in 2006.  
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Figure 4.1.11: Frequency (left) and cumulative frequency (right) distribution of 
measured (red) and modelled (blue) PM10 at Chaumont (rural), Basel (suburban), 
Zurich (urban, north) and Lugano (urban, south). 
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We also compared the modelled and measured average concentrations of PM2.5 
and PM10 using scatter plots for some NABEL stations where the data was 
available. There are more stations available for PM10 than PM2.5. As seen in Fig. 
4.1.12, the model performance for PM2.5 looks better than that of PM10. The 
agreement between the measurements and model results is very good at rural and 
elevated sites such as Chaumont and Rigi. On the other hand, concentrations at 
urban sites such as Bern and Lugano are underestimated. The model performance 
gets better when the winter months are excluded as shown in the lower panel of Fig. 
4.1.12. 
 

 

 
Figure 4.1.12: Measured versus modelled average concentrations of PM2.5 (left) and 
PM10 (right) at some NABEL stations for whole year (above) and for 1 April - 30 
September 2006 (below).  
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4.2 Ozone 

4.2.1 Annual average concentrations 
In this section, we discuss the annual average ozone concentrations for the 
reference case in 2005 and compare with the results of emission scenarios in 2020 
as well as with the retrospective case in 1990. On average, ozone concentrations for 
the reference case (RC 2005) are highest at elevated sites and lowest around urban 
locations (Fig. 4.2.1.1). The annual average ozone concentrations of about 30-35 
ppb at rural sites in the north and around 40 ppb at elevated sites match the 
observations at NABEL stations such as Payerne (28.6 ppb), Laegern (35.3 ppb), 
Davos (36.1 ppb) and Jungfraujoch (38.1 ppb). At urban sites, the predicted annual 
average ozone concentrations are lower. 

Figure 4.2.1.1: Annual average concentration of ozone (ppb) for the reference case 
(RC 2005) 
 
The relative difference in annual average ozone concentrations between the RC and 
Baseline scenario (BL 2020) is shown in Fig. 4.2.1.2. There would be a decrease by 
4-6 % over the Alpine regions and southern part of the Alps. On the other hand, 
annual average ozone concentrations would increase by 2-4 % at urban sites due to 
reduced destruction of ozone with NO. The relative differences in ozone for other 
future scenarios Mid and MTFR are similar for Switzerland (Figs. 4.2.1.3 and 
4.2.1.4).  
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Figure 4.2.1.2: Difference in annual average of ozone (%), BL 2020- RC 2005. 

 
Figure 4.2.1.3: Difference in annual average of ozone (%), Mid 2020- RC 2005. 
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Figure 4.2.1.4: Difference in annual average of ozone (%), MTFR 2020- RC 2005. 
 

Fig. 4.2.1.5 shows the annual average ozone concentrations for the retrospective 
case with two different background ozone concentrations. In general, ozone levels in 
Retro 1 (with lower background ozone) are lower than those in Retro 2 and they are 
closer to the observations in 1990 (15-30 ppb measured in the Swiss Plateau, ~ 35 
ppb at elevated sites), although they might still be too high.  
The relative difference in the annual average ozone concentrations between RC 
2005 and Retro 1, 1990 is shown in Fig. 4.2.1.6 for the Swiss domain. These results 
indicate an increase in average ozone concentration by about 5-10 % over the Swiss 
Plateau between 1990 and 2005 whereas the change indicated by the observations 
is higher (10-40%). On the other hand, time series of both modelled and measured 
data show clearly that the peak ozone concentrations (in summer) decreased while 
low concentrations increased since 1990 (see Fig. 4.2.1.7). 



 30 

Figure 4.2.1.5: Annual average concentration of ozone (ppb) for Retro 1, 1990 
(above) and Retro 2, 1990 (below) 
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Figure 4.2.1.6: Difference in annual average of ozone (%), RC 2005 – Retro 1,1990. 
 

 

 
Figure 4.2.1.7: Comparison of ozone concentrations in 1990 (black) and 2005 (red) 
at Zurich from model (above) and measurements (below). The model data refer to 
Retro 1, 1990, RC 2005 and meteorology for 2006. 
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4.2.2 AOT40 
AOT40 (Accumulated dose of ozone Over the Threshold of 40 ppb) is an indicator 
used to determine the damage on vegetation [Ashmore and Wilson, 1992]. AOT40 
for forests was calculated from April to September, for the daytime hours (8:00 AM – 
8:00 PM) for all scenarios. The corresponding unit is ppb.h. The modelled AOT40 
results are given as ppm.h for convenience in this report.  
The modelled AOT40 for the reference case (2005) range between 10-15 and 20-30 
ppm.h in Switzerland, in the north and the south, respectively (Fig. 4.2.2.1). These 
results are in the same range as those from measurements for 2005 (Fig. 4.2.2.2).  

 
Figure 4.2.2.1: Modelled AOT40 (ppm.h) for the reference case (RC 2005) 

 

 
Figure 4.2.2.2: Trends in AOT40 (ppm.h) from measurements (from FOEN) 
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The relative changes in AOT40 for the future scenarios in 2020 are shown in Figs. 
4.2.2.3 - 4.2.2.5. The predicted change for the BL case is 50% – 70% whereas it 
goes up to 75% for the MTFR case.  

 
Figure 4.2.2.3: Difference in AOT40 (%), BL 2020- RC 2005. 

 
Figure 4.2.2.4: Difference in AOT40 (%), Mid 2020- RC 2005. 
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Figure 4.2.2.5: Difference in AOT40 (%), MTFR 2020- RC 2005. 

 
In the retrospective case (1990) the calculated AOT40 values are shown in Fig. 
4.2.2.6. The Retro 1 case with lower background ozone leads to a slightly lower 
AOT40 than Retro 2. AOT40 in both cases are higher than those in 2005. The model 
results suggest that AOT40 decreased since 1990 (by 25-40% in Retro 1, by 35-45% 
in Retro 2) (Fig. 4.2.2.7) although average annual ozone concentrations increased 
(see Fig. 4.2.1.6). This indicates that peak ozone values decreased due to emission 
reductions as shown in Fig. 4.2.1.7. On the other hand, measurements suggest that 
AOT40 decreased by about 20-25% at rural sites in the north but increased by 10-
25% at urban sites between 1990 and 2005. This discrepancy between the model 
results and observations indicates the sensitivity of indicator parameters on threshold 
values. Changes in the background ozone levels might affect such calculations 
significantly. The Retro 1 case seems to give results closer to the observations 
although predicted changes are still larger than the observations. The change in the 
frequency distribution of ozone between 1990 and 2005 is shown in Fig. 4.2.2.8 for 
Zurich. The distribution of modelled ozone concentrations in 1990 and 2005 is clearly 
different. The most frequent levels were shifted from 10 ppb towards 30-40 ppb. On 
the other hand, histogram of measured concentrations looks different than the 
modelled ones. As discussed in Chapter 4.1 (see also Fig. 4.1.5) the model 
overestimates the low ozone concentrations at urban areas at night and in the 
morning. The histogram of measurements in Zurich for 1990 shows a steep curve 
decreasing with increasing concentration. In 2005 on the other hand, the distribution 
is shifted towards higher levels. Overestimation of ozone concentrations by regional 
models at night in the polluted, urban areas is a common problem. This alone 
however, cannot be responsible for the discrepancy between measured and 
modelled AOT40 because it is the sum of ozone concentrations above 40 ppb and 
calculated only during the daytime. The difference between modelled and measured 
ozone histograms above 40 ppb is relevant for understanding the changes in AOT40.   
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Figure 4.2.2.6: Modelled AOT40 (ppm.h) for Retro 1, 1990 (above) and Retro 2, 1990 
(below) 
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Figure 4.2.2.7: Difference in AOT40 (%), RC 2005 – Retro 1, 1990 (above) and RC 
2005 – Retro 2, 1990 (below). 
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Figure 4.2.2.8: Change in frequency distribution of measured (left) and modelled 
(right) ozone between Retro 1, 1990 and RC 2005 at Zurich. 
 

4.2.3 SOMO35 
SOMO35 (Sum of Ozone Means Over 35 ppb) is an indicator for health impact 
assessment recommended by WHO [Amann et al., 2008]. It is defined as the yearly 
sum of the daily maximum of 8-hour running average over 35 ppb. For each day the 
maximum of the running 8-hour average for O3 is selected and the values over 35 
ppb are summed over the whole year. The corresponding unit is ppb.days (ppb.d). 
The modelled SOMO35 values are between 2000 - 2500 ppb.d in the north and 3500 
– 4500 ppb.d in the south for the reference case 2005 (Fig. 4.2.3.1). SOMO35 values 
calculated from measurements vary between 1000 (urban sites) and 5000 (southern 
and elevated sites) ppb.d. The modelled SOMO35 for 2005 therefore looks 
reasonably good. An EMEP model study for 2010 using a coarser resolution 
suggests 3000 (north) – 5000 (south) ppb.d [M. Gauss et al., 2012].  

 
Figure 4.2.3.1: Modelled SOMO35 (ppb.d) for the reference case (RC 2005) 
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The model results suggest a decrease in SOMO35 by 30-50% depending on the 
emission scenario used for 2020 (Figs. 4.2.3.2 - 4.2.3.4). Baseline scenario yields a 
decrease of about 35% whereas the largest decrease (up to 50%) was predicted for 
the MTFR scenario. 
We calculated SOMO35 for both Retro 1 and Retro 2 for 1990 (Fig. 4.2.3.6). The 
values vary between 3000 – 6000 ppb.d in Retro 1, and 3500 – 6500 ppb.d in Retro 
2. Model results of Retro 1 case show a decrease of about 20-25 % in SOMO35 
values in the north between 1990 and 2005 (Fig. 4.2.3.6). A small increase (5 %) was 
predicted at mountainous regions. Retro 2 simulations suggested a higher decrease 
(25-30%) in SOMO35. On the other hand, SOMO35 values based on measurements 
show about 15% decrease at rural sites in the north, but as in the case of AOT40, 
they show also an increase at urban and elevated sites (Fig. 4.2.3.7). Histograms 
shown in Fig. 4.2.2.8 can also be used for understanding the differences between 
modelled and measured SOMO35 values. As in the case of AOT40, the discrepancy 
between the modelled and measured relative change in SOMO35 is most likely due 
to the representation of the background ozone levels for 1990 and 2005, which 
needs further analysis. 

 

Figure 4.2.3.2: Difference in SOMO35 (%), BL 2020- RC 2005. 
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Figure 4.2.3.3: Difference in SOMO35 (%), Mid 2020- RC 2005. 

 
Figure 4.2.3.4: Difference in SOMO35 (%), MTFR 2020- RC 2005. 
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Figure 4.2.3.5: Modelled SOMO35 (ppb.d) for Retro 1,1990 (above) and Retro 2, 
1990 (below) 
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Figure 4.2.3.6: Difference in SOMO35 (%), RC 2005 – Retro 1, 1990 (above) and RC 
2005 – Retro 2, 1990 (below). 
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Figure 4.2.3.7: Trends in SOMO35 (ppb.d) from measurements (from FOEN) 

 
 

4.3 Particulate matter 

4.3.1 PM2.5 
In this section, annual average PM2.5 concentrations of various emission scenarios 
will be compared with the reference case. The absolute values for RC 2005 vary 
between 10-15 µg.m-3 over the Swiss Plateau and in southern Switzerland (Fig. 
4.3.1.1). The measured annual average PM2.5 concentrations lie between 9 and 24 
µg.m-3 and the highest values are from urban traffic sites.   

Simulations with various emission scenarios for 2020 suggest that a considerable 
reduction would be obtained with the BL scenario (30%) (Fig. 4.3.1.2). The predicted 
reduction in PM2.5 using the Mid and MTFR scenarios are about 35% and 45%, 
respectively (Figs. 4.3.1.3 - 4.3.1.4). The largest reductions were predicted in the 
southern part of the Alps.  
The annual concentrations were predicted to be much higher in 1990 (Fig. 4.3.1.5). 
The model results suggest that PM2.5 concentrations decreased by about 40% 
between 1990 and 2005 in Switzerland (Fig. 4.3.1.6).  
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Figure 4.3.1.1: Annual average of PM2.5 (µg.m-3) for the reference case (RC 2005). 

Figure 4.3.1.2: Difference in annual average of PM2.5 (%), BL 2020 - RC 
2005
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Figure 4.3.1.3: Difference in annual average of PM2.5 (%), Mid 2020- RC 2005. 

Figure 4.3.1.4: Difference in annual average of PM2.5 (%), MTFR 2020 - RC 2005. 
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Figure 4.3.1.5: Annual average of PM2.5 (µg.m-3) for Retro 1, 1990. 

Figure 4.3.1.6: Difference in annual average of PM2.5 (%), RC 2005 – Retro 1, 1990. 
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4.3.2 PM10 
In this section, annual average PM10 concentrations of various emission scenarios 
will be compared with the reference case. The model predictions show elevated 
levels of PM10 in 2005 over the Swiss Plateau and in the southern part of the Alps. 
The absolute values (12 – 18 µg.m-3) are slightly higher than those for PM2.5 (Fig. 
4.3.2.1). Comparison with measurements (see Fig. 4.3.2.2) suggests that the model 
underestimates PM10 concentrations at the urban traffic sites (as also discussed in 
Chapter 4.1).  
A considerable reduction would be obtained in 2020 applying the Gothenburg 
Protocol scenarios (Figs. 4.3.2.3 - 4.3.2.5). The results suggest that the lowest 
change would be 30-35% with the BL scenario while MTFR would lead to the largest 
decrease of about 40-45%.  
The modelled average PM10 concentrations in 1990 are shown in Fig. 4.3.2.6. As in 
the case of PM2.5 (see Chapter 4.3.1), about 40% decrease in PM10 concentrations 
was predicted between 1990 and 2005 in Switzerland (Fig. 4.3.2.6). The long-term 
PM10 measurements are available at various NABEL stations (Fig. 4.3.2.2). The 
relative change in the measured annual average PM10 concentrations vary between 
30% and 45% depending on the type of the measurement site. The model results are 
very similar to the observed ones especially at the rural and elevated sites.  
 

Figure 4.3.2.1: The modelled annual average of PM10 (µg.m-3) for the reference case 
(RC 2005). 
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Figure 4.3.2.2: The measured annual average of PM10 (µg.m-3) (from FOEN). 

 

 
Figure 4.3.2.3: Difference in annual average of PM10 (%), BL 2020 - RC 2005. 
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Figure 4.3.2.4: Difference in annual average of PM10 (%), Mid 2020- RC 2005. 

 
Figure 4.3.2.5: Difference in annual average of PM10 (%), MTFR 2020 - RC 2005. 
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Figure 4.3.2.6: Annual average of PM10 (µg.m-3) for Retro 1, 1990 

 
Figure 4.3.2.7: Difference in annual average of PM10 (%), RC 2005 – Retro 1, 1990 
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4.4 Deposition 
Atmospheric deposition of pollutants on ecosystems raises serious concerns. In 
Switzerland, emissions of air pollutants such as sulphur dioxide and nitrogen oxides 
have been substantially reduced in the last couple of decades. While sulphur 
emissions are now stabilized at low levels, nitrogen oxides are still high. In this 
section, therefore, we focus on nitrogen deposition. In general, the main nitrogen 
sources are emissions of nitrogen oxides from combustion processes and ammonia 
from agricultural activities. The deposition of atmospheric nitrogen species 
constitutes a major nutrient input to the biosphere and enhances the forest growth. 
The increase of nitrogen inputs into terrestrial ecosystems however, represents a 
potential threat to forest ecosystems. Enhanced nitrogen deposition might cause soil 
acidification, eutrophication and nutrient imbalances and reduction in biodiversity. 
The deposition of atmospheric nitrogen compounds occurs via dry and wet 
processes. Nitrogen dioxide (NO2), ammonia (NH3), nitric acid (HNO3), and nitrous 
acid (HONO) are the most important contributors to nitrogen dry deposition. Nitrogen 
wet deposition is a result of scavenging of atmospheric N constituents. In this 
section, we discuss the dry and wet deposition of total oxidized and reduced nitrogen 
compounds (see Table 4.4.1 for oxidized and reduced N species). 
The annual deposition of oxidized and reduced nitrogen species for the reference 
year 2005 are shown in Figs. 4.4.1 and 4.4.2, respectively. The calculated deposition 
of reduced nitrogen species is higher than that of oxidized species. The modelled 
total nitrogen deposition for the reference case (2005) varies between 10 and 50 kg 
N ha-1 y-1 over the Swiss Plateau (Fig. 4.4.3). Elevated levels can also be seen in the 
south (10-20 kg N ha-1 y-1). On the other hand, it is lower (about 5 kg N ha-1 y-1) at 
high-altitude sites. These numbers are in the same range as those based on 
measurements at some locations in Switzerland [Schmitt et al., 2005]. Deposition of 
reduced N species, especially NH3 dry deposition is high in central Switzerland 
where ammonia emissions are the highest in Switzerland (Fig. 4.4.2). Combination of 
high ammonia concentrations with land use favourable for dry deposition leads to 
highest deposition of ammonia in a few grid cells in central Switzerland. 
Model predictions for 1990 suggest that the nitrogen deposition decreased by about 
25% between 1990 and 2005, mainly over the Alpine regions (Fig. 4.4.5). On the 
other hand, nitrogen deposition is predicted to decrease further by about 10-20% 
until 2020, assuming the baseline scenario (Fig. 4.4.6). 
 
Table 4.4.1: Oxidized and reduced nitrogen species used in dry and wet deposition 
calculations 

Oxidized N species Deposition 
type 

Reduced N species Deposition 
type 

NO2 (nitrogen dioxide) dry NH3 (ammonia) dry, wet 

HNO3 (nitric acid) dry, wet NH4 (particulate ammonium) dry, wet 

PAN (peroxy acetyl nitrate) dry   

HONO (nitrous acid)  dry, wet   

PNO3 (particulate nitrate) dry, wet   
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Figure 4.4.1: Deposition of oxidized nitrogen species (kg N ha-1.y-1) for the reference 
case (RC 2005)  

Figure 4.4.2: Deposition of reduced nitrogen species (kg N ha-1.y-1) for the reference 
case (RC 2005) 
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Figure 4.4.3: Deposition of oxidized and reduced nitrogen species (kg N ha-1.y-1) for 
the reference case (RC 2005) 

Figure 4.4.4: Deposition of oxidized and reduced nitrogen species (kg N ha-1.y-1) for 
Retro 1, 1990 
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Figure 4.4.5: Difference in deposition of oxidized and reduced nitrogen species (%), 
RC 2005 – Retro 1, 1990  

 
Figure 4.4.6: Difference in deposition of oxidized and reduced nitrogen species (%), 
BL 2020 – RC 2005  
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5 Conclusions 
The results presented here give a general overview of how different emission 
scenarios for 2020 would affect the concentrations of ozone and particulate matter in 
Switzerland. They also indicate the importance of the background ozone 
concentrations in Europe for use in calculating AOT40 and SOMO35 trends.  
Among the three Gothenburg scenarios BL (baseline), Mid and MTFR (Maximum 
Technically Feasible Reduction), the BL scenario is the closest to the recently 
revised Gothenburg Protocol. The reduction in Swiss emissions of gaseous species 
such as NOx, SO2, NMVOC and NH3, is less than those of the neighbouring countries 
Germany, France, Italy and Austria. Reductions in PM2.5, on the other hand, are 
comparable.  
The modelled PM2.5 concentrations in 2005 varied between 10 – 15 µg m-3 in 
Switzerland and PM2.5 / PM10 ratio was about 80%. Our results show that the 
application of emission reductions according to the BL scenario would lead to a 
significant decrease of PM2.5 (30%) in 2020. We also found that the effects of BL 
and Mid scenarios would be very similar. The maximum technically feasible reduction 
(MTFR) scenario would lead to the largest decrease (45%); its application, however, 
is unlikely.  
We have also shown that under the BL scenario, the annual average ozone 
concentrations would decrease only by about 5% over the Alpine regions and would 
continue to increase in the Swiss Plateau. Further analysis of our results suggests 
that although emission reductions do lead to a decrease in peak ozone 
concentrations, they also cause an increase in the lower ozone concentrations, 
especially in urban areas due to less titration with NO. AOT40 values (which refer to 
ozone levels above 40 ppb) were predicted to decrease in 2020 by a large amount 
(50%) during the vegetation period. The health-relevant indicator SOMO35 for 2020 
was also predicted to be lower by about 30-40% with respect to the reference year 
2005.   
The modelled relative changes of 35-45% in annual average concentrations of PM2.5 
and PM10 between 1990 and 2005 agree very well with those from measurements at 
various stations in Switzerland. The absolute values of modelled AOT40 and 
SOMO35 for 2005 also match the data obtained from measurements reasonably 
well. The model results suggest a significant decrease in AOT40 since 1990 whereas 
observations show not only a decrease at some rural sites but also an increase at 
urban sites during that period. A similar discrepancy was found for SOMO35. Since 
calculation of AOT40 and SOMO35 is very sensitive to the threshold values, the 
background ozone concentrations might affect the model results. Although 
simulations with lower background ozone concentrations in 1990 improved the 
agreement between the model results and measurements, there was still some 
discrepancy. We conclude that even though the background ozone concentrations 
used in the model are based on recent observations, they might need further 
revision.  
We also analysed the model results for both dry and wet deposition of all oxidized 
and reduced nitrogen species. We found the highest nitrogen depositions in 2005 
over the Swiss Plateau and in the southern part of the Alps  (20 - 25 kg N ha-1.y-1). 
These results are in the same range as a few reported measurement data available. 
Our results indicate that the deposition of the reduced nitrogen species ammonia and 
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particulate ammonium is larger than the deposition of the oxidized species. We also 
showed that the deposition of reduced N species (ammonia and particulate 
ammonium) occurred mainly in the northern part of the Alps where ammonia 
emissions are the highest.   
We predicted that the nitrogen deposition decreased by 10 – 30% between 1990 and 
2005. Further reductions in emissions until 2020 according to the baseline scenario 
would lead to 25% lower nitrogen deposition mainly due to the reduction in the 
oxidized fraction. 
The results obtained in this modelling study show the need for a detailed analysis of 
background ozone concentrations, which are important in the calculation of AOT40 
and SOMO35 trends, since these vegetation and health impact indicators are very 
sensitive to that parameter.  
In this study, the focus was on annual averages of PM and ozone in Switzerland and 
the relative differences between various emission-scenarios. In order to achieve 
these results however, we modelled hourly, 3-dimensional, gridded concentrations of 
35 gaseous and particulate species as well as their dry and wet depositions for entire 
1990, 2005, 2006 and 2020 (with three different emission scenarios for 2020). The 
extensive model data generated in this way provide a very valuable dataset for 
further detailed analyses of individual gaseous and aerosol species, their trends, 
seasonal variations and deposition rates.     
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7 Acronyms 
 
AOT40 Accumulated dose of ozone Over the Threshold of 40 ppb   

BUWAL Bundesamt fuer Umwelt, Wald und Landschaft 

CAMx Comprehensive Air Quality Model with EXtensions 

CEST Central European Summer Time (daylight saving time for Switzerland,  
2 h ahead of UTC) 

ECMWF European Centre for Medium-Range Weather Forecasts 

EMEP European Monitoring and Evaluation Programme 

(Cooperative Programme for Monitoring and Evaluation of the Long-
range Transmission of Air Pollutants in Europe 

GAINS The greenhouse gas and air pollution interactions and synergies model  

IIASA International Institute for Applied Systems Analysis 

MM5 Meso-scale Model 5 

MOZART Model for OZone And Related chemical Tracers 

NMVOC non-methane volatile organic compounds 

SNAP Selected Nomenclature for Air Pollution 

SOMO35 Sum of Ozone Means Over 35 ppb 

TNO The Netherlands Organisation for Applied Scientific Research 

UTC Universal Time Coordinated 
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Appendix 1 : Models 

Meteorological Model, WRF 
Eulerian chemical transport models (often called air quality models) require 3-
dimensional fields of numerous time dependent meteorological quantities, e.g. air 
temperature, specific humidity, air pressure, wind velocity components, etc. In so-
called off-line coupled models a meteorological pre-processor, usually a weather 
forecast model, provides those fields. An interface program is then used to convert 
the meteorological fields to the format required by the air quality model. 
The Weather Research & Forecasting Model (WRF-ARW) Version 3.2.1 
(http://www.wrf-model.org) was taken as the meteorological pre-processor and a 
modified version of WRFCAMx Version 3.1 as the interface.  
WRF domains 1 and 2 were defined in geographical coordinates as follows: 
 

Coarse grid (domain 1): 
longitude: -15 to 35 deg E 
latitude: 35 to 70 deg N 
longitude grid cell size: 0.2500 deg 
latitude grid cell size: 0.1250 deg 
no. WE cells: 200 
no. SN cells: 280 
no. vertical layers: 31 
 
Fine grid (domain 2): 
longitude: 3.0 to 13.5 deg E 
latitude: 43.5 to 50.0 deg N 
longitude grid cell size: 0.0833 deg 
latitude grid cell size: 0.0417 deg 
no. WE cells: 126 
no. SN cells: 156 
no. vertical layers: 31 
 

WRF Domain 1 is equal to the CAMx Domain 1. Domain 2 for WRF, however, is 
slightly larger than the corresponding CAMx domain to avoid numerical artefacts at 
the CAMx boundaries. CAMx Domain 2, including buffer cells, is extended by 2 cells 
at each of the 4 borders to get WRF Domain 2.  
We used the data from ECMWF (http://www.ecmwf.int) data every 6 hours) to 
provide initial and boundary conditions for the WRF model.  
In order to validate the meteorological model, we compared the simulated 
parameters such as temperature, wind direction, wind speed, solar irradiance, 
specific humidity, and the precipitation rate with measurements at various ANETZ 
stations as well as the data from ECMWF.  
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Air Quality Model, CAMx 
The Comprehensive Air Quality Model with Extensions (CAMx) is an Eulerian 
photochemical dispersion model that allows for an integrated “one-atmosphere“ 
assessment of gaseous and particulate air pollution over many scales ranging from 
urban to regional (http://www.camx.com). CAMx simulates the emission, dispersion, 
chemical reactions, and removal of pollutants in the lower troposphere by solving the 
pollutant continuity equation for each chemical species on a system of nested three-
dimensional grids. The model incorporates two-way grid nesting, which means that 
pollutant concentration information propagates into and out of all grid nests. This 
feature allows CAMx to be run with coarse grid spacing over a wide regional domain 
in which high spatial resolution is not particularly needed, while within the same run, 
applying fine grid nests in areas where high resolution is needed. 
The CAMx simulations used a subset of 14 of the WRF σ-layers, of which the lowest 
had a thickness of about 20 m at a surface pressure of 950 hPa. The model top was 
set at σ=0.55 which corresponds to a geometric layer top of about 7000 m above sea 
level. The initial and boundary concentrations for the first domain were obtained from 
the global model MOZART [Horowitz et al., 2003]. The photolysis rates were 
calculated using the TUV photolysis pre-processor [Madronich, 2002]. The required 
ozone column densities were extracted from TOMS data 
(http://toms.gsfc.nasa.gov/ozone/ozone.html). Dry deposition of gases was based on 
the resistance model of [Zhang et al., 2003]. Surface deposition of particles occurs 
via diffusion, impaction and/or gravitational settling. Separate scavenging models for 
gases and aerosols were implemented in CAMx to calculate the wet deposition 
[Environ, 2006]. The gas-phase mechanism used in this work was CB05 [Yarwood et 
al., 2005]. There are 51 species and 156 chemical reactions included in the CB05 
mechanism. 
Simulated aerosol species with particle sizes smaller than 2.5 µm included sulphate, 
nitrate, ammonium, POA, SOA and elemental carbon (EC). The condensable organic 
gases (CG) are formed from the oxidation of the aromatic precursors TOL (toluene) 
and XYL (xylene), as well as of the biogenic precursors isoprene, monoterpenes and 
sesquiterpenes (see Table 1 for the SOA precursor reactions). Partitioning of 
condensable organic gases to secondary organic aerosols was calculated using a 
semi-volatile equilibrium scheme called SOAP [Strader, 1999]. Properties of CG/SOA 
pairs used in CAMx are given in Table 2. It was assumed that the SOA oligomerized 
to a non-volatile form with a lifetime of about 1 day [Kalberer et al., 2004]. 
Oligomerization slowly forms organic aerosol oligomers called SOPA (anthropogenic) 
and SOPB (biogenic), and it was shown to increase SOA yields [Morris et al., 2006]. 
Aqueous sulphate and nitrate formation in cloud water were calculated using the 
RADM aqueous chemistry algorithm [Chang et al., 1987]. Partitioning of inorganic 
aerosol constituents between the gas and aerosol phases was modelled with 
ISORROPIA [Nenes et al., 1998].  
There are two main output files in CAMx; 1) hourly average concentrations of each 
gaseous and particulate species in each grid cell, for each layer, and for each 
domain, 2) hourly surface deposition of all species. 
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Table 1: SOA precursor reactions included in CAMx [Environ, 2006]. 

Precursor Reaction CG Products1 K298 
2(ppm-1 min-1) 

Anthropogenic    
Toluenes TOLA + OH 0.044 CG1+ 0.085 CG2 8.75E+03 
Xylenes XYLA + OH 0.027 CG1+ 0.118 CG2 3.71E+04 
Biogenic    
Isoprene ISP + O none 5.32E+04 
 ISP + OH 0.015 CG3 + 0.12 CG4 1.47E+05 
 ISP + O3 none 1.90E-02 
 ISP + NO3 none 9.96E+02 
Terpenes TRP + O 0.065 CG5 + 0.29 CG6 4.12E+04 
 TRP + OH 0.065 CG5 + 0.29 CG6 7.76E+04 
 TRP + O3 0.065 CG5 + 0.29 CG6 1.33E-01 
 TRP + NO3 0.065 CG5 + 0.29 CG6 9.18E+03 
Sesquiterpenes SQT + OH 0.85 CG7 2.91E+05 
 SQT + O3 0.85 CG7 1.71E+01 
 SQT + NO3 0.85 CG7 2.81E+04 
1 : Yield values are in ppm/ppm 
2: Rate constants are shown for 298 K and 1 atmosphere in ppm-1 min-1.  
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Appendix 2: Annual emissions of France, Germany, 
Austria, Italy and Switzerland (data sources CEIP, GAINS) 
Table  A2.1 : Annual Emissions (National Totals) of France (kt yr-1) 
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Table  A2.1 : Annual Emissions (National Totals) of France (kt yr-1), cont’d 
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Table  A2.2 : Annual Emissions (National Totals) of Germany (kt yr-1) 
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Table  A2.2 : Annual Emissions (National Totals) of Germany (kt yr-1) cont’d 
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Table  A2.3 : Annual Emissions (National Totals) of Austria (kt yr-1) 
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Table  A2.3 : Annual Emissions (National Totals) of Austria (kt yr-1) cont’d 
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Table  A2.4 : Annual Emissions (National Totals) of Italy (kt yr-1) 
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Table  A2.4 : Annual Emissions (National Totals) of Italy (kt yr-1) cont’d 
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Table  A2.5 : Annual Emissions (National Totals) of Switzerland (kt yr-1) 
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Table  A2.5 : Annual Emissions (National Totals) of Switzerland (kt yr-1) cont’d 
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Table  A2.6 : Annual Emissions of International Shipping (kt yr-1). Atlantic (ATL), North 
Sea (NOS), Baltic Sea (BAS, Mediterranean Sea (MED), Black Sea (BLS). Scenario 

dependent [Cofala et al., 2007] 
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Table  A2.7 : Annual Emissions of International Shipping (kt yr-1). Atlantic (ATL), North 
Sea (NOS), Baltic Sea (BAS, Mediterranean Sea (MED), Black Sea (BLS). Scenario 

independent for 2020 [Wagner et al., 2010] 
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Appendix 3: Model results for the European domain 

A3.1 Ozone  

 
Figure A3.1.1: Annual average concentration of ozone (ppb) for RC 2005  

 
Figure A3.1.2: Difference in annual average of ozone (%), BL 2020- RC 2005. 
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Figure A3.1.3: Difference in annual average of ozone (%), MTFR 2020- RC 2005. 

 
Figure A3.1.4: Annual average concentration of ozone (ppb) for Retro 1,1990 
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Figure A3.1.5: Difference in annual average of ozone (%), RC 2005 – Retro 1, 1990. 

 

A3.2 AOT40 

 
Figure A3.2.1: AOT40 (ppm.h) for RC 2005 
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Figure A3.2.2: Difference in AOT40 (%), BL 2020- RC 2005. 

 
Figure A3.2.3: Difference in AOT40 (%), MTFR 2020- RC 2005. 
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Figure A3.2.4: AOT40 (ppm.h) for Retro 1, 1990 

 
Figure A3.2.5: Difference in AOT40 (%), RC 2005 – Retro 1, 1990. 
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A3.3 SOMO35 

 
Figure A3.3.1: SOMO35 (ppb.d) for RC 2005 

 
Figure A3.3.2: Difference in SOMO35 (%), BL 2020- RC 2005. 
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Figure A3.3.3: Difference in SOMO35 (%), MTFR 2020- RC 2005. 

 
Figure A3.3.4: SOMO35 (ppb.d) for Retro 1, 1990. 
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Figure A3.3.5: Difference in SOMO35 (%), RC 2005 – Retro 1, 1990. 

 

A3.4 Particulate matter, PM2.5  

 
Figure A3.4.1: Annual average of PM2.5 (µg.m-3) for RC 2005. 
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Figure A3.4.2: Difference in annual average of PM2.5 (%), BL 2020-RC 2005. 

 
Figure A3.4.3: Difference in annual average of PM2.5 (%), MTFR 2020-RC 2005. 
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Figure A3.4.4: Annual average of PM2.5 (µg.m-3) for Retro 1, 1990. 

 
Figure A3.4.5: Difference in annual average of PM2.5 (%), RC 2005 – Retro 1, 1990. 
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A3.5 Particulate Matter, PM10 

 
Figure A3.5.1: Annual average of PM10 (µg.m-3) for the reference case (RC 2005). 

 

 
Figure A3.5.2: Difference in annual average of PM10 (%), BL 2020- RC 2005. 
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Figure A3.5.3: Difference in annual average of PM10 (%), MTFR 2020- RC 2005. 

 


