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Report on high-temperature impact on BVOC emissions and air quality for
the summer 2003 case

When the project application was written this deliverable was focused on the heat wave and
extreme pollution event in summer 2003 in W-Europe. At the time of project start a large number of
scientific studies concerning the 2003 episode had already emerged (Emmerson et al., 2007;
Solberg et al., 2008; Tressol et al., 2008; Curci et al., 2009). The CityZen consortium then
suggested and got acceptance for moving the focus to the 2007 summer heat wave(s) in the Eastern
Mediterranean and, furthermore, to adopt a broader, more general perspective.
The present deliverable report is split into two: One part is dedicated to the study of the heat waves
in the East Mediterranean (hereafter denoted EM) hot spot in summer 2007, and these results will
be published in Hodnebrog et al. 2011b (in preparation). The other part concerns fine scale model
studies for the Po Valley hot spot using a nested model system with newly developed routines for
secondary organic aerosols (SOA) formation. The report gives an overview of the relationship
between meteorological drivers (such as temperature) and secondary species (such as ozone, BVOC
and aerosols) as seen from this modeling.

1.1

Description of the chemical transport models used

1.1.1 The unified EMEP model – introducing a nested WRF/EMEP system
The Unified EMEP model (Simpson et al., 2003) is a chemical transport model developed at the
Meteorological Synthesizing Centre - West (MSC-W) at the Norwegian Meteorological Institute
(met.no). It is a terrain following sigma coordinate model designed to calculate air concentration
and deposition fields for acidifying and eutrophying compounds, ground level ozone, and
particulate matter, as well as their long-range transport and fluxes across national boundaries.
The current EMEP model version, and the provided gridded input data, have a standard horizontal
resolution of 50 x 50 km2 (at 60⁰N) and are deﬁned on a polar stereographic projection with
20 sigma levels vertically. The model is ﬂexible with regard to the horizontal resolution, and in
CityZen the EMEP model has been run on the standard 50 km as well as 25 km, 10 km and 2.5 km
grid scales. The PARLAM-PS numerical weather prediction model is used to generate standard
meteorological data for the EMEP model every 3 hours. Other models, such as WRF, can also be
used to provide the necessary meteorological fields, and that was done within CityZen WP2.2, as
explained below. The vertical resolution in the EMEP model is currently restricted to the ﬁxed 20
layer system. Detailed description of the model is given in the EMEP Status Report 1/2003 Part I
(Simpson et al., 2003).
One objective of CityZen was to use the EMEP Unified model to study the scale-dependency of
photochemical processes and in particular reactions between anthropogenic NOx from megacities
and biogenic VOC from surrounding areas. These components are important for the formation of
ozone and secondary organic aerosols (SOA) around megacities, particularly in southern locations
such as the Po Valley and the East Mediterranean. Such a study required a nested EMEP model.
To facilitate this, a combined WRF-EMEP modeling system was developed through WP2.2 in
CityZen. This modeling system was similar to the “EMEP4UK” (the application of the EMEP
unified model for the UK) as documented by Vieno et al., 2010. We designed the WRF model to
produce meteorological fields on 50 km, 10 km and 2.5 km, respectively, and these fields were
input to the EMEP unified model. WRF was run for the full EMEP domain with the 50 km
resolution and for a large and small Po Valley domain for the 10 km and 2.5 km nests, respectively.
Initial and boundary conditions of the chemical trace species were successively fed from the larger
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domain to the smaller one. All the nested EMEP model runs were done for 2006 as we then had
EMEP’s HIRLAM 10 km meteorological data to compare with the WRF 10 km data.
Additionally, new state-of-the-art routines for biogenic emissions and formation of secondary
organic aerosols (SOA) were developed for the EMEP model by met.no in parallel with the CityZen
project. These routines were eventually made available for WP2.2 in CityZen. Thus, a fine-scale
nested EMEP modeling system with state-of-the-art SOA routines were run for the first time
through the CityZen project. Details about the routines for biogenic emissions and SOA formation
are given in the technical appendix at the end of this report.
1.1.2 The WRF-Chem model
The Weather Research and Forecasting model with Chemistry (WRF-Chem) (Grell et al., 2005)
consists of a mesoscale meteorological model (WRF) (Skamarock and Klemp, 2008) coupled with a
chemistry module. In this study, WRF-Chem version 3.2 has been used with the RADM2
(Stockwell et al., 1990) gas-phase chemistry scheme.
The modules and meteorological physics schemes are the same as in Hodnebrog et al. (2011a), but
the following modification has been done to the FTUV (Madronich, 1987) photolysis scheme: For
each day in the simulation, the model reads a domain-averaged total O3 column value that is
calculated by the global Oslo CTM2 model (Søvde et al., 2008) using a simulation setup described
in Colette et al. (2011), and this value is then used in the calculation of photolysis rates.
Meteorological initial and boundary conditions are used from ECMWF-IFS model analysis at a
resolution of 0.25° × 0.25° and updated every 6 hours. Furthermore, meteorological parameters
calculated by WRF are nudged towards the ECMWF-IFS data every time step. Initial and boundary
conditions for the chemical species are updated every 6 hours from results obtained with the Oslo
CTM2 model.
The WRF-Chem model domain is centered over the Balkan Peninsula, covers most of the
Mediterranean Sea in the south, and extends up to mid-Germany in the north, while the EMEP
model domain is much larger, covering all of Europe (Figure 1).
1.1.3 Anthropogenic emissions
The emissions in the Unified EMEP model and WRF-Chem have several similarities. In both
models, the anthropogenic emissions are based on the country total emissions officially reported to
EMEP, but the methods used to grid the emissions to fine scale are different. In WRF-Chem the
TNO/EMEP emission inventory (Kuenen et al., 2010) has been used, which has a resolution of 1/8°
longitude x 1/16° latitude (approximately 7 km x 7 km). Next, a splitting of the total NMVOC was
made based on the UK emissions of the 50 most significant NMVOC species (Dore et al., 2007).
Source-dependent factors were applied to obtain lumped species for the RADM2 chemistry scheme.
In the EMEP model the emissions are provided for 10 anthropogenic source-sectors (SNAP
sectores) and 1 sector which includes natural and biogenic emission sources. The emission data are
available from http://www.emep.int and further details can be obtained at that site. For both EMEP
and WRF-Chem monthly and daily time factors are applied to the emission data. More details about
the EMEP emission input can be found in Simpson et al., 2003.
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Figure 1. Locations of the domains used in the EMEP and WRF-Chem simulations, and of the
common domain covering most of the Eastern Mediterranean.
1.1.4 Forest fire emissions
Forest fires turned out to be an important contribution to the atmospheric pollution level during the
East Mediterranean heat waves in summer 2007. Thus, such emissions had to be included in the
WRF and EMEP models. Forest fire emissions were taken from the Global Fire Emission Database
version 2 (GFEDv2) (van der Werf et al., 2006) and from the newly developed Fire INventory from
NCAR version 1 (FINNv1) (Wiedinmyer et al., 2011). The temporal and spatial resolutions differs
substantially between the two inventories; the first providing 1° × 1° gridded data for every 8th day,
whereas the latter provides daily emissions with a 1 km × 1 km resolution. The total emissions by
each inventory for the summer 2007 forest fires in the East Mediterranean are also quite different, at
least for NOx and CO, showing higher emissions in the GFEDv2 inventory compared to FINNv1.
One of the most intense forest fire episodes took place between July 20 – 31, when fires broke out
both in Peloponnese in Greece, and along the coast of Croatia. Around August 21, new intense fires
emerged, mainly in south Greece, and continued into early September.
1.1.5 Biogenic emissions
Biogenic emissions are calculated online in both the EMEP and WRF models, and are dependent on
land-use data and weather conditions. In WRF-Chem, the Model of Emissions of Gases and
Aerosols from Nature (MEGAN) version 2.04 (Guenther et al., 2006) is dependent on ambient
temperature, photosynthetic active radiation, humidity, wind speed and soil moisture when
estimating emissions of isoprene, monoterpenes, other biogenic VOCs, and nitrogen emissions from
soil. In the EMEP model biogenic emissions of isoprene and monoterpenes are calculated for every
grid-cell, and at every model timestep, using near-surface air temperature (T2) and
photosynthetically active radiation (PAR), the latter being calculated from the model’s solar
radiation, modiﬁed by the total cloud fraction (CL). The underlying emission potentials, land-cover
data bases, and model coding have changed substantially in the most recent EMEP model version.
The appendix describes this in more detail.
The temporal evolution of biogenic isoprene emissions calculated by WRF-Chem and EMEP are
very similar (Figure 2), but there is a difference in the magnitude and in the horizontal distribution
of the emissions (Figure 3). The isoprene emissions calculated by WRF/MEGAN is systematically
higher than by the EMEP model. These differences could be attributed to different emission factors
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and land use classifications. In particular, MEGAN predicts large isoprene emissions from
shrublands in the western part of Turkey and south Greece, and from broadleaf trees northwest on
the Balkan Peninsula. The differences are, however, well within known uncertainties, which are at
least a factor of 2 for natural emissions (Simpson et al., 1999).

Figure 2. Temporal evolution of the calculated isoprene emissions from biogenic sources during
summer 2007 (kilotons C day-1) summed over the East Mediterranean hot spot region from the
WRF/MEGAN and the EMEP models, respectively.

Figure 3. Emissions of isoprene used in the reference simulations of the WRF-Chem (left) and the
EMEP Unified (right) models.
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East Mediterranean heat wave 2007

1.2.1 Background
The Eastern Mediterranean (EM) is constantly exposed to air pollution problems due to its unique
location and because of rapid urbanization (Kanakidou et al., 2011). Maximum ozone mixing ratios
in and downwind of major urban areas in Greece are found to exceed the European Union (EU)
health risk threshold level of 90 ppb (Poupkou et al., 2009). The region acts as a reservoir for
anthropogenic pollutants originating from the nearby emission hot spots Cairo, Istanbul and Athens,
from maritime transport emissions (Poupkou et al., 2008), and from more distant sources,
particularly the European continent (Gerasopoulos et al., 2005). Additionally, biogenic emissions of
isoprene, monoterpenes and other VOCs are large on the Balkan Peninsula, and represents 70-80 %
of the annual total NMVOC emissions in most of the countries in this region (Symeonidis et al.,
2008).
Three distinct heat waves combined with large emissions from forest fires led to elevated ozone and
particulate matter (PM) levels in the EM region during the summer of 2007 (Eremenko et al., 2008;
Liu et al., 2009). In Greece, more than 12 % of the forested area burnt (Kaskaoutis et al., 2011),
contributing substantially to the air pollution levels in Athens (Liu et al., 2009). Extreme levels of
carbon monoxide (CO) were observed from satellites, indicating up to 22 ppmv close to the fires
and 4 ppmv in the transported plume above the Mediterranean Basin (Turquety et al., 2009). The
Greek forest fires were the most extensive and destructive in the recent history of the country, and
they were a consequence of several heat waves and long periods of drought (Founda and
Giannakopoulos, 2009). In fact, several stations in Greece reported record braking temperatures (up
to 47°C), making this the hottest summer ever measured.
Tropospheric columns of O3 calculated from the OMI total ozone column with the MLS
stratospheric column subtracted (Ziemke et al., 2006) clearly confirm the existence of a positive
ozone anomaly in the EM region in summer 2007 compared to other years (Figure 4).

Figure 4. The difference in tropospheric O3 column (DU) from OMI/MLS (http://www.nasa.gov) for
the summer (June-July-August) 2007 compared to the mean of the summers 2005, 2006, 2008 and
2009.
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1.2.2 Modeling
For each of the two models (EMEP Unified and WRF-Chem) one reference simulation and a
number of sensitivity simulations were performed. The impact of fire emissions, biogenic
emissions, anthropogenic emissions and dry deposition on ozone and BVOCs was investigated by
turning off the respective emission sector (or process) in the sensitivity simulations. In addition
sensitivity simulations were performed with temperatures restricted to maximum 28°C.
Unfortunately, there are very few background monitoring stations in the EM region to compare
with. Most stations are located in urban or suburban locations, making them less suited for
comparison with regional scale model calculations. Furthermore, the intensive fire plumes during
the 2007 heat waves were mainly transported to the sea, thus not seen by the surface sites. Satellite
measurements therefore proved to be most relevant for comparison with the modeling results.
Figure 5 shows the tropospheric column of NO2 for 24-26 August 2007 as retrieved by the OMI
satellite instrument and modeled with WRF and EMEP. The fires plumes are clearly seen in the
satellite data and also reflected fairly well in the modeling data. Emissions from fires are necessarily
very uncertain. The uncertainty regards both the spatial and temporal variation as well as the
absolute magnitude and the emission intensity. Given this uncertainty, the models capture the
location and the influence of the fires surprisingly well.
Biogenic emissions are closely dependent on temperature and solar radiation. During heat waves
such as the EM 2007 episodes, biogenic emissions of isoprene and terpenes may contribute
significantly to the formation of ozone and aerosols. A sensitivity run without biogenic emissions
was carried out for the two models reported here, and the difference compared to the standard run is
shown in Figure 6. Even in the 3-months mean summer concentration the influence of biogenic
emissions are calculated to contribute significantly to ozone; up to 10 ppbv in certain areas. The
results indicate a larger effect in the WRF-Chem model compared to EMEP Unified. This
difference could be explained by the difference in the total isoprene emissions (Figure 3) in the two
models. As mentioned, the isoprene emissions in the WRF-Chem model are significantly higher
than in EMEP Unified. This model-to-model difference is seen overall, and is particularly apparent
in the eastern area (Turkey) due to the largest difference in emissions there.
A similar model sensitivity study keeping the temperature below 28°C caused a similar pattern,
although much lower in magnitude. As the isoprene emission is controlled by temperature (and
solar radiation) a main temperature effect on ozone is through the biogenic isoprene emissions,
being larger in WRF-Chem than in the EMEP Unified model.
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Figure 5. Tropospheric columns of NO2 (1015 molec cm-2) as retrieved from the OMI satellite
instrument (1st column), and as modelled with the WRF-Chem (2nd and 3rd columns) and EMEP (4th
column) models for August 24 (1st row), 25 (2nd row), and 26 (3rd and 4th rows) in 2007. In the
second column, FINN forest fire emissions have been used in the simulations, while in the two
rightmost columns, GFED emissions have been used. The bottom plots have different color scale
and are zoomed in on the Peloponnese fires.

8 of 21

Deliverable

CityZen

D2.2.1

Figure 6. Change in daily maximum near-surface ozone (Δppb) due to biogenic emissions
calculated by WRF-Chem (left) and EMEP (right) averaged over the period 1 June – 31 August
2007.
1.3

Case study Po Valley

Po Valley is one of the defined hot spot regions in the CityZen project. A significant effort in
WP2.2 has been to carry out fine scale CTM calculations to evaluate the influence of biogenic and
anthropogenic emissions for ozone and PM in this region. The mixing between biogenic and
anthropogenic emissions and the response of elevated temperatures on the photochemistry has been
some of the issues studied. In order to do this a certain model development was necessary. The
following chapters give an overview of this development, followed by a chapter presenting the main
findings and conclusions of relevance for CityZen.
The standard EMEP model (Simpson et al., 2003) was available at the beginning of CityZen.
However, as stated in CityZen’s DoW, calculations of biogenic and anthropogenic tracers using a
nested EMEP model system on a fine spatial scale was needed in CityZen WP2.2. Thus, two types
of model development were carried out: Introducing nesting in the EMEP model and, secondly,
refinement of the modeling of biogenic emissions and their photochemistry.
For the nested model studies we have focused on the summer 2006, since both 50 km and 10 km
resolution Parlam/Hirlam meteorological data are available for this specific year. In addition to the
standard EMEP input files we have used WRF to generate meteorological input data on three nests:
a) 50 km (EMEP domain), b) 10 km (large Po Valley region), and c) 2.5 km (small Po Valley
region). The WRF simulations are based on meteorological data from NCEP (National Centers for
Environmental Prediction), NOAA National Weather Service. The WRF model can be run with
various sets of physical and chemical parameterizations and we have chosen a setup similar to the
one used by Vieno et al. (2010). The WRF output files were converted to EMEP compatible
meteorological input files with software developed at met.no.
Emission data were required for the three model nests described above. Official emission data for
NOx, VOC, CO and SOx were available for 2006 from EMEP for 50 km and 10 km resolution for
the whole EMEP domain. In addition emission data for the smallest domain, covering the Po Valley
region, were needed on a 2.5 km resolution. For this purpose data from the POMI project for 2005
on a 3 km resolution (Thunis et al., 2009) were made available to us. The POMI data were given on
a UTM coordinate system and had to be regridded to our EMEP 2.5 km polar stereographic domain.
All technical details about the regridding procedure are not given here. In short, we split the 2.5 km
grid cells into a number of smaller cells and picked the closest POMI grid for every sub-cell. In
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addition, it was required that the total emission for every 10 km grid cell (i.e. 4x4 grid cells of 2.5
km size) should equal the official EMEP 10 km emission data. This procedure was followed for
every emission compound and every SNAP sector. The POMI data contained gridded data,
representing area and line sources, as well as point source data. For convenience, the POMI point
source data was not used in the regridding of the emission data. As an example Figure 7 shows the
annual emissions of NOx from traffic for the EMEP 50 km and 10 km grid cells, as well as the 3 km
POMI data and the regridded 2.5 km data used in CityZen.

Figure 7. Annual emissions of NOx from traffic (SNAP sector 7) from the EMEP 50 km, EMEP
10 km, POMI 3 km and EMEP 2.5 km grid systems. The color scale indicates the emissions in g m-2
for the POMI grid.
1.4

Results from nested model studies for the Po Valley with the new SOA/VBS scheme

The nested model system described above was applied for the Po Valley hot spot region defined
within CityZen. The combined EMEP/WRF model system was used to provide results for three
nests with a 50 km, 10 km and 2.5 km spatial resolution, respectively. Emissions of biogenic trace
species (isoprene and terpenes) were included as explained in the technical appendix below in
addition to the anthropogenic emissions of NOx, SOx, VOC and CO. The 50 km results were used
as boundary and initial concentrations for the 10 km domain, which in turn were used as boundary
and initial concentrations for the 2.5 km domain. The model system was run for the period JuneAugust 2006, as we then also had access to 10 km meteorological data from the HIRLAM model.
Figure 8 shows the average surface concentrations modeled for July 2006 for the 10 km and 2.5 km
nests for BSOA (biogenic secondary organic aerosols) in the same color scale and for the same
geographical area. The results for the 2.5 km nest give finer details compared to the 10 km nest,
corresponding to the finer resolution of the topography and land use. Overall, however, the results
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for the two nests do not indicate large differences in these monthly mean values. The spatial
distribution, min and max values are comparable for the two nests.

Figure 8. Modeled monthly mean concentrations of BSOA in the 10 km nest (left) and the 2.5 km
nest (right).The color scale are the same and shows the values in ug (C) m-3.
The relative differences in modeled monthly mean concentration for July 2006 between the two
nests are given in Figure 9. Differences of the order of ± 5 % are found. This is a surprisingly small
difference given the substantial uncertainty in the actual BSOA concentrations. The reason why we
don’t see larger differences in the model results could be that the underlying data for temperature,
solar radiation and land cover, which determines the emissions of the primary biogenics (isoprene
and terpenes) do not show a very fine scale pattern.

Torino

Milan

Figure 9. Relative difference in the mean surface concentration of BSOA for July 2006 calculated
with the 10 km nest and the 2.5 km nest. Unit: %.
Figure 10 shows the relationship between the calculated BSOA concentrations in the 10 km nest
compared to the 2.5 km nest as a scatter plot. In this figure each 10 km grid cell is shown as 16
identical BSOA values which are compared against the 16 different 2.5 km BSOA values in that 10
km grid square. This figure confirms the small differences in modeled BSOA for the two different
grid resolutions. The results indicate a slight decrease in modeled BSOA in the 2.5 km nest for the
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highest concentrations, i.e. a slight non-linear effect giving reduced BSOA for the highest peak
episodes, but the effect is not very large.
Time series of surface BVOC for a point in the Milan area and the Torino area as modeled with the
50 km, 10 km, and 2.5 km for June-August 2006 are given in Figure 11. The location of these
points is shown as black dots on the map in Figure 9. For the point in the Milan area the time series
for all three nests follow each other closely, except for a period in the last part of June. Somewhat
larger differences are found for the point in the Torino area. There the results from the 50 km nest
are mostly lower than for the other nests. Overall, the time series, as the monthly means shown
above, are fairly similar throughout this summer period. We conclude that for this period, with the
meteorological and land cover data used, the importance of model resolution is rather small. One
should not, however, regard this as a general conclusion. Land use data of a finer spatial scale could
cause larger differences in the calculated fields.

Figure 10. Scatter plot showing the relationship between the BSOA concentrations calculated for
the grid squares from the 10 km nest and the 2.5 km nest (blue dots).The red line shows the 1:1 line
and the black lines show the 1, 25, 50, 75 and 99 running percentiles. Unit: µg m-3.
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Figure 11. Hourly concentrations of surface BSOA for a point in the Milan area and the Torino
area as modeled with the 50 km, 10 km, and 2.5 km for June-August 2006.
One aim of WP 2.2 was to study the effect of temperature on the formation of ozone and aerosols.
A model sensitivity run was carried out with the temperatures increased by 5°C. The change in the
surface concentration of ozone and BSOA for the 10 km nest is shown in Figure 12 for July 2006 as
an average. An overall increase of 5°C gives a significant impact on the modeled concentration of
aerosols and ozone. A surface ozone increase of more than 20% as a monthly mean in certain areas
(actually outside the Po Valley itself) is found. The geographical pattern of the ozone change
indicates that most of this increase is due to increased isoprene emissions. Isoprene is a major ozone
precursor when NOx is present and the emissions are controlled by temperature and solar radiation.
Additionally, a temperature increase of 5°C will lead to an overall speed-up of the atmospheric
chemistry, a destabilization of PAN etc, which will contribute to an increase in the rate of formation
of ozone and aerosols. The applied temperature increase leads to an increase in the BSOA
concentrations by almost 40 % in the whole domain shown (except for sea areas).
The time series of the temperature scenario effect (Figure 13) indicates that increased ozone and
BSOA are found more or less throughout the whole period. Largest effects are seen when there are
peaks in these components, indicating that the high peak values are particularly sensitive to changes
in temperatures. Smallest changes are found in August. For BSOA there is almost no change in the
BSOA concentrations for the Torino site in the +5 °C scenario in August.
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Figure 12. Modeled change in the mean concentrations for July 2006 for daily max ozone (left) and
BSOA (right) due to a temperature increase of 5 °C. The nest with 10 km resolution is shown. Note
that the color scales differ.

Ozone

BSOA

Figure 13. Hourly concentrations of surface ozone and BSOA for a point in the Milan area and the
Torino area as modeled with the 10 km nest for June-August 2006. The time series show the
standard scenario and a scenario with a 5 °C increase in temperature.
Largest effect of the +5 °C scenario is found for isoprene (Figure 14) which shows a doubling in the
mean July 2006 concentration in the region north of the Po Valley. Comparing this field with the
modeled ozone (Figure 12), clearly indicates that increased isoprene emission (due to increased
temperature) is the main cause for the ozone increase modelled.
The mean PM2.5 concentration is found to increase by more than 20% in a large part of the area
shown, although not in the main area of the Po Valley. Again, this increase is to a large extent
caused by increases in the biogenic precursors.
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Figure 14. Modeled change in the mean concentrations for July 2006 for isoprene (left) and PM2.5
(right) due to a temperature increase of 5 °C. The nest with 10 km resolution is shown. Note that the
color scales differ.
The results presented above indicate small differences in the modeled concentrations of ozone and
aerosols for different spatial resolutions and model nests. This should not, however, be seen as an
indication that the modeled SOA and ozone are very robust and independent on meteorological
drivers. Figure 15 shows the modeled BSOA for two types of meteorological models (HIRLAM
and WRF) and two types of land use (EMEP and Modis) for the point in the Torino area.
Substantial differences in the BSOA concentrations are found, indicating a large degree of
uncertainty for this compound. The main reason for the large differences in BSOA seen in Figure
15 is due to differences in precipitation. In general, the EMEP meteorology (HIRLAM) produces
much more precipitation than some of the WRF schemes, thus causing a more effective washout of
the aerosols. Different types of land use had, however, fairly small effect on the modeled BSOA.

Figure 15. Hourly concentrations of BSOA for a point in the Torino area as modeled with the 10 km
nest for June-August 2006. The time series show the concentrations with different types of land use
data (ModisLand and EMEPLand) and meteorological data.’ W50’ = WRF50 km, ‘H50’= Hirlam
50 km, ‘Con4’ is an alternative version of WRF with more convection.
1.5

Summary

Model calculations for the heat waves in the East Mediterranean megacity hot spot area in summer
2007 are presented using the WRF-Chem and the EMEP Unified models. Whereas there is a lack of
relevant surface monitoring sites in this area, satellite data for the tropospheric columns of NO2
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agrees fairly well the model calculations. The heat waves lead to numerous wild fires in the region.
The fire plumes were seen by satellite instruments and are also reflected fairly well in the models.
Emissions of biogenic VOCs (isoprene and terpenes) reacting with the megacity anthropogenic NOx
emissions are calculated to contribute significantly to the levels of ozone and secondary organic
aerosols in the region. Furthermore, the WRF-Chem/MEGAN model gives considerably higher
emissions of biogenic isoprene than the EMEP Unified model. High temperatures were seen to
influence ozone through the emissions of biogenic isoprene.
Model studies for the Po Valley hot spot using a nested EMEP/WRF model system are also
presented. A modeling system nesting down from the standard 50 km to 2.5 km, including state-ofthe-art modules for BVOC emissions and secondary organic aerosol (SOA) formation is used for
the first time as part of CityZen. With the meteorological and land use data applied here we found
certain differences when zooming down from 50 km to 10 km, whereas there were less differences
between the 10 km and 2.5 km results for BSOA.
Temperature showed to have a significant effect on the formation of O3, PM and SOA in the Po
Valley area as calculated with the nested EMEP/WRF system. An increase of 5°C lead to an overall
increase of 40 % BSOA in the whole area, and an increase of around 20 % in the PM2.5
concentration north of the Po Valley. For PM2.5 smaller effects were seen inside the Po Valley
basin itself, presumably reflecting the smaller biogenic emissions given by the EMEP Unified
model there.
The type of models and meteorological data applied is shown to have a decisive influence on the
modelled SOA. Sensitivity runs with different meteorological processes in the WRF model gave
substantial differences in the results. Thus, the influence of the mixing of biogenic VOCs with
anthropogenic NOx from the megacities for the ozone and aerosols formed is subject to very large
uncertainties. This is partly explained by uncertainties in concensation, precipitation and washout
and partly due to uncertain biogenic emissions.
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Technical Appendix: Biogenic emissions and routines for secondary organic aerosols
(SOA) in the EMEP model

In parallel with CityZen a development of routines for biogenic emissions and formation of
secondary organic aerosols (SOA) were carried out as part of the EMEP model development. This
was closely connected with WP2.2 in CityZen and an overview of the theory and work is given
below.
1. Foliar BVOC emissions
In the EMEP model biogenic emissions of isoprene and monoterpenes are calculated for every gridcell, and at every model timestep, using near-surface air temperature (T2) and photosynthetically
active radiation (PAR), the latter being calculated from the model’s solar radiation, modiﬁed by the
total cloud fraction (CL). Following the ideas proposed in e.g. Guenther et al. (1993, 1995), the ﬁrst
step in the emission processing is to deﬁne ’standard’ emission factors E*λc,i , which give the
emissions of particular land-covers at standard environmental conditions (30⁰C and photosynthetically active radiation of 1000 µmole m-2s-1).
Emission factors for forests have been created from the map of forest species generated by Köble
and Seufert (2001). This work provided maps for 115 tree species in 30 European countries, based
upon a compilation of data from the ICP-forest network UNECE (1998). The EMEP model cannot
deal with all these different forest species, but rather has maps of aggregated landcover types, such
as temperate/boreal coniferous forest (CF). Emission rates for the EMEP aggregated land-cover
classes (Λc) are developed from maps of the real landcover types (λc) with:
𝐸Λ∗ 𝑐,𝑖

=

∑𝜆𝑐 𝜀𝜆𝑐,𝑖 𝐴𝜆𝑐 𝐷𝜆𝑐 𝛿(𝜆𝑐 ∈ Λ𝑐 )
∑𝜆𝑐 𝐴𝜆𝑐

where 𝐸Λ∗ 𝑐,𝑖 is the area-speciﬁc reference emission rate (µg/m2/h) for an EMEP landcover class (Λc),
at standard environmental conditions, ελc,i is the mass-speciﬁc emission rate (µg/g(dry-weight)/h) for
BVOC compound i and a particular real landcover class (λc) at these standard conditions, Aλc is the
area, and Dλc is the foliar biomass density of that species. The δ function is used to include only
those species (λc) belonging to the EMEP landcover group (Λc). Emission potentials are then recalculated to instantaneous emissions every time-step in the model, using the grid-cell relevant
temperature and radiation conditions:
𝐸Λ𝑐,𝑖 = 𝐸Λ∗ 𝑐,𝑖 × 𝐴Λ𝑐 × 𝛾Λ𝑐,𝑖

Where now EΛc,i is the temperature and (where appropriate) light corrected emission per square
meter of EMEP landcover Λc. The environmental correction factor γΛc,i consists of corrections for
the canopy foliar mass, temperature and light:
𝛾Λ𝑐,𝑖 = 𝛾𝐿𝐴𝐼 × 𝛾𝐿 × 𝛾𝑇,𝑖

The EMEP model deals with three emission categories (i):
•
•
•

iso: Isoprene, γL and γT,iso as in Guenther et al. (1993)
mtp: Pool-dependent monoterpene emissions, use simple exponential γT,mtp from Guenther et
al. (1993).
mtl: Light-dependent monoterpene emissions, use simple exponential γT,mtl from Guenther
et al. (1993).
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The LAI factor, γLAI is simply deﬁned as LAI/LAImax for each land-cover Λc. The light correction
factor γL and temperature correction factor γT are as given in Guenther et al. (1993) and Simpson et
al. (1995). Isoprene is always light and temperature controlled. A fraction of monoterpenes
(denoted MTP) are derived entirely from pool-emissions, and so have γL = 1 always. These MTP
emissions use the simple exponential form. Some monoterepene emissions (MTL) are synthesised,
and are both light and temperate controlled.
2. EMEP VBS/SOA module
The EMEP MSC-W chemical transport model (Simpson et al., 2007) has been extended with a new
organic aerosol (OA) scheme based on the Volatility Basis Set (VBS) approach (Donahue et al.,
2006). The VBS framework describes OA by separating low volatility organics into decadally
spaced bins of saturation concentration (C*) between 0.01 and 106 µg m-3. C* is proportional to the
vapor pressure and is a semi-empirical property that describes the gas-particle partitioning of an
organic mixture (Pankow, 1994). Each C* bin contains species that span a range of volatilities, i.e.
the 1 µg m-3 bin contains species with C* between 0.3 µg m-3 and 3 µg m-3. The lowest volatility
bin, 0.01 µg m-3, contains all species lower in volatility than 0.03 µg m-3. The C* spectrum is
conventionally divided into semi-volatile (SVOC, 0.01 - 103µg m-3) and intermediate volatility
(IVOC, 104 - 106 µg m-3) organic compounds.
The EMEP model includes the following basis set (bins) for primary organic aerosols (POA):
{Ci*} = {0.01, 0.1, 1, 10, 100, 1000, 10 000, 100 000, 1000 000} µg m-3
and four groups for secondary organic aerosols (SOA):
{Ci*} = {1, 10, 100, 1000} µg m-3
It is assumed that ambient OA exists is in equilibrium between the gas and particle phases as
dictated by Raoult’s law and that the organics in the particle phase form a pseudo-ideal solution
(Pankow, 1994). The gas-aerosol partitioning equation can be described as (Donahue et al., 2006):
𝐶𝑖∗
𝜉𝑖 = �1 +
�
𝐶𝑂𝐴

−1

; 𝐶𝑂𝐴 = � 𝐶𝑖 𝜉𝑖
𝑖

where ξi is the fraction of organic mass in volatility bin i that exists in particulate phase, Ci* is the
eﬀective saturation concentration of bin i, COA is the total particulate OA (POA + SOA)
concentration, and Ci is the total organic concentration (gas + particle) in bin i (µg m-3). If COA is
1.0 µg m-3 and a given compound has Ci*= 1 µg m-3 we would expect 50% of the mass of that
compound to be found in the condensed phase and 50% in the gas/vapor phase. Shifts in gasparticle partitioning due to changes in temperature are represented using the Clausius-Clapeyron
equation (Donahue et al., 2006)
𝐶𝑖∗ (𝑇) = 𝐶𝑖∗ �𝑇𝑟𝑒𝑓 �𝑒𝑥𝑝 �

∆𝐻𝑣
1
1 𝑇𝑟𝑒𝑓
�
− ��
𝑅
𝑇𝑟𝑒𝑓 𝑇
𝑇

where Tref is the reference temperature (298 K), ΔHv is the heat of vaporization and R is the
universal gas constant.
The current version of the EMEP model also includes aging of Primary Organic Aerosol (POA)
emissions, described by Shrivastava et al. (2008). Aging proceeds by a ﬁrst-order reaction of VBS
vapors with OH radicals producing a product that has a C* one order of magnitude lower than its
precursor. We assume that the oxidation products in the vapor phase continue to age and form even
lower volatility products. Primary organic compounds are assumed to age with a reaction rate of
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4×10-11 cm3 molecule-1 s-1 whereas secondary organic compounds have a reaction rate of
k=4×10-12 cm3 molecule-1 s-1.
It should be mentioned that total POA/IVOC emissions are assumed to be 2.5 times larger than the
“traditional” estimates using inert POA, but most of the direct emissions are in the gaseous phase.
1.8
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