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Supplementary Information: 

  



Field Site and Local Meteorology 

The iNNAQS (iNNsbruck Air Quality)  study took place between 1. July 2015 – 30. October 2015. Fig. S1 
shows the sampling location (black dot) situated close to the city center of Innsbruck (Lat: 47°15’51.66” 
Lon:11°23’06.82”).  The regions exceeds air quality standards for NO2 regularly (Fig. S2).  

 

Figure S1. Measurement site (black dot). Maps were created in Matlab (R2015b version 8.6.0.267246, Mathworks, USA, 
https://de.mathworks.com/) based on OpenStreetMap (https://www.openstreetmap.org/copyright). 

 

 

Figure S2: Evolution of yearly averaged NO2 concentrations at an air quality station (11° 23' 32.5", 47° 15' 45.4") within 
~700 m distance of the INNAQS flux tower. Red line indicates the regulatory threshold. Euro 3 standards were 
introduced in January 2000. 

 

Inlets for turbulent flux measurements were situated at a tower on top of the Bruno-Sander building 38.6 m 
above street level and about twice the average building height within the NE to SE fetch. Fig. S3 depicts 
vertical profiles of friction velocity in comparison with data obtained in Zürich (Rotach, 1993) suggesting that 
the iNNAQS tower is situated close to the top of the roughness sublayer where flux profiles become constant. 



 

Figure S3: Relative friction velocity vs. normalized height. Blue symbols are obtained from this work, green (red) 
symbols are adopted Zürich (Rotach, 1993) measured at the face of the building (green) and in the middle of the street 
canyon (red). The light blue line is a fitted parametric model. 

The general wind direction (Fig. S4) followed the expected valley wind system where most of the flux data for 
sensible heat, trace gases and aerosols are captured along the NE (~60◦ ~33 % of the time) and SW (~220◦ 
~41% of the time) valley axis. The NE (40◦-90◦) corridor captures most of the inner-city of Innsbruck and is 
representative of a typical urban fingerprint. The SW sector (160◦-260◦) represents mostly an urban residential 
area. 70% and 51% of sensible heat and CO2 fluxes passed the stationarity test (Foken et al., 2010). 

 

 

 

Figure S4: Relative Distribution of the general wind direction at the site. 

 



 

Figure S5: 80% Flux footprint contours (peaks at ~300 -320m). Distance plotted vs wind direction (Kljun et al., 2015). 
Maps were created in Matlab (R2015b version 8.6.0.267246, Mathworks, USA, https://de.mathworks.com/) based on 
OpenStreetMap (https://www.openstreetmap.org/copyright). 

 
 
 

 
Figure S6: Calculated upper and lower range of mixing layer height during INNAQS estimated based on a passive 
microwave sounding (Massaro et al., 2015) according to two parcel methods (lower range – simple parcel method; upper 
range – advanced parcel method, Seibert et al., 2000). Solid lines depict the average diurnal profiles and the shading 
shows the respective 95% confidence interval. 
 

Eddy covariance flux measurements 

Eddy covariance fluxes were  calculated as the covariance between the rotated vertical wind speed and the 
tracer mole fraction using routines described previously 
(http://www.geos.ed.ac.uk/homes/rclement/micromet/EdiRe/, Karl et al., 2002). Quality control was 
performed according to procedures described by Foken et al. (2010). Systematic errors due to high frequency 
losses were obtained from co-spectral analysis according to Massman (2010) and are summarized in the table 
below: 



Table S1: High frequency damping and fractional loss of the missing high frequency contribution, 
determined experimentally and calculated according to a parameterization (Massmann, 2010) 

 CO2 H2O NMVOC NO, NOx 

Damping 
timescale 

0.2 s 0.7 s 0.4 s 0.8 s 

Loss 4% 12% 7% 13% 
 

Inventories and Models 

Traffic simulation models: 

The COPERT (v4) software package allows calculating air pollutant and greenhouse gas emissions from road 
transport. The development of COPERT is coordinated by the European Environment Agency (EEA), in the 
framework of the activities of the European Topic Centre for Air Pollution and Climate Change Mitigation. 
COPERT has been developed for official road transport emission inventory preparation in EEA member 
countries (http://emisia.com/products/copert-4). Here we initialized the model with Austrian fleet statistics 
obtained from the TRACCS (Transport data collection supporting the quantitative analysis of measures 
relating to transport and climate change) database (33) with data for 2010. A correction factor of 1.2 was 
applied to calculated COPERT NOx emission factors taking into account reported emission changes between 
the year 2010 and 2015 according to the HBFA 3.2 database retrieved on 1.3.2016: http://www.hbefa.net/d  A 
similar factor was found when adjusting for the GAINS (Greenhouse Gas - Air Pollution Interactions and 
Synergies Model: http://gains.iiasa.ac.at/models/ ) (23) trend between 2010 and 2015.    

The Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP) and EMEP 

regional emission inventory: 

ACCMIP emission datasets were retrieved on April 1st 2016 as gridded (0.1 degree) netcdf files for 2015 from 
the ACCMIP data server http://accmip-emis.iek.fz-juelich.de/data/accmip/gridded_netcdf/ via 
http://www.geiacenter.org/. A detailed description about ACCMIP can be found as part of a special issue 
http://www.atmos-chem-phys.net/special_issue296.html. (48). Gridded data were extracted for Central Europe 
as depicted in Fig. S7. We applied the experimentally determined CO/CO2 emission ratio to INNAQS data for 
comparison with ACCMIP. 

 

Figure S7: Average (June-October 2015) gridded NOx emissions for domestic and traffic related sources plotted with 
Matlab (R2015b version 8.6.0.267246, Mathworks, USA, https://de.mathworks.com/). The black dot shows the 



measurement site. For better clarity the color bar is truncated below 0.2 and above 6.0 nmol/m2/s. NOx data were 
obtained via http://accmip-emis.iek.fz-juelich.de/data/accmip/gridded_netcdf/.  

 

EMEP (European Monitoring and Evaluation Program) emission data were retrieved from the center on 
emission inventories and projections via the ECCAD (Emissions of atmospheric compounds & compilation of 
Ancillary Data) project (http://eccad.sedoo.fr/eccad_extract_interface/JSF/page_login.jsf) on August 1st 2016. 
The inventory represents officially reported national data mandated by the Convention on long range 
transboundary air pollution treaty http://www.ceip.at/ms/ceip_home1/ceip_home/webdab_emepdatabase/ 
reported_emissiondata/). 

 

Emission ratio model 

The Matlab (R2015b, Mathworks, USA) nonlinear programming solver “fmincon” was used to fit a 
constrained multivariable model to obtain the two end-members representing urban residential combustion 
and traffic specific emission ratios (e.g NOx/CO2): 

����� + ����� = ���, where ax1 and ax2, represent the activity of the two sources (i.e. urban residential 
combustion and traffic), r1 and r2 are the emission ratios for sources 1 and 2 and rmx is the combined measured 
ratio for each time step x. The activity factors for each time step x are subject to ��� + ��� = 1, with x=1:24.  

 

Traffic count data and stationary emission inventory 

Traffic count data were provided by the local transportation department, which maintains 18 traffic count 
stations within the city of Innsbruck. For the analysis here, we used data from Innrain 51, which is situated 
next to the measurement site, and represents the activity along the major E-W traffic route within the flux 
footprint. Since our analysis only requires relative changes, we used Innrain 51 as a proxy, but note that all 
traffic stations show a very similar relative weekend to weekday and diurnal behavior. Bounds for emission 
ratios for stationary sources were obtained from reported emission factors for residential heating systems 
according to the CORINAIR /SNAP classification (1.1., 1.2., 2.2., 2.2, 8.9), available for the local legislative 
district. Emission factors applied to stationary sources are based on a detailed Austrian assessment (Haun, 
2010; Stanzel et al., 1995) 

The Leeds Master Chemical Mechanism (MCMv3.2). 

 

The Master Chemical Mechanism developed by the National Centre for Atmospheric Sciences at the 
University of Leeds summarizes the state of art knowledge on tropospheric chemistry. The chemical 
mechanistic information was taken from the Master Chemical Mechanism, MCM v3.2 (13) via the website: 
http://mcm.leeds.ac.uk/MCM and processed for further analysis in Matlab (www.mathworks.com) using the 
box model version of CAFÉ (55). We setup the model in two modes. 
 
Fully constrained setup: 

 
The full MCM model was initiated with measurements according to Table S2 and run for 10 minutes to let 
radicals evolve to quasi steady state (19). O3, NOx and NMVOC were changed according to the weekend 
effect. A sensitivity study was performed to change NOx concentrations over a wide range. The gross ozone 
production is calculated as P(O3)=k(NO x HO2 + NO x RO2. The total reactivity (without NOx) at 10 ppbv 
NOx was between 2.7 to 6 s-1 in these runs (initial reactivity of about 2.7 to 3 s-1). 
 



Diurnally constrained setup: 

 
For these runs the full MCM was setup as a diurnally varying constrained model framework as was previously 
described in similar types of studies (e.g. Crawford et al., 1999; Frost et al., 2002). The model was fully 
constrained by all measured species, except NO2 and O3, which were only initialized once and then allowed to 
be continuously updated by corresponding model values. Species listed in Table S2 were constrained by 
actual measurements during each model integration step and followed the observed diurnal cycle. Photolysis 
rates were incorporated from measurements of shortwave radiation according to Trebs et al. (2009). 
Meteorological data (temperature, humidity) were taken from measurements. Time integration of the chemical 
rate equations was started at midnight and performed for 3 days to let the model spin up. The height of the 
planetary boundary layer /mixing height (PBL) was taken from measurements (Fig. S6). We take the average 
of the upper (red) and lower (blue) limit for PBL estimations. The overall dilution of the model was 
incorporated according to: 
 

[���]


� �����������
= −�������������[�]��� − [�]��  eq. S1,  

 
where [CPBL] corresponds to the PBL concentration, [Cbg]is the background concentration, and Kentrainment 
summarizes all transport/dilution losses. The first order rate constant (Kentrainment) was calculated from the 
measured PBL growth, and a constant dilution factor proportional to 1.6e-5 s-1 which incorporates effects of 
mountain-valley circulation happening on a typical timescale of 8h. Ozone deposition was assumed to be 
negligible compared to these transport terms. Background concentrations for O3 were taken as 30 ppbv, and 
10% of PBL NO2, corresponding to typical background conditions obtained from mountain top stations. All 
other measured species listed in Table S2 were constrained by diurnal observations. Concentrations for photo-
chemically produced species that could not be constrained by measurements were initially set to 0. 

Table S2: Typical MCM model setup for a fully constrained model run. All MCM species that are not listed 
were not constrained by initial conditions. To simulate radical production on weekends the initial 
concentrations for NMVOC were downscaled proportional to benzene or observations were available. 
IC=initial condition. 

Variable Data range Notes 

P (mbar) 1013 Constrained to IC 
T (K) 298 Constrained to IC 
RH (%) 60 Constrained to IC 
Solar zenith angle (°) 33 Constrained to IC 

MCM species in ppbv   
NO .01 to 6 Split into 25 intervals (not constrained) 
NO2 .1 to 30 Split into 25 intervals (constrained to IC) 
O3 50, 100, 150 3 scenarios (not constrained) 
CH4 1150 (constrained to IC) 
CO 100 measured (constrained to IC) 
'BENZENE'    0.1 measured (constrained to IC) 
'TOLUENE'    0.25 measured (constrained to IC) 
'OXYL'       0.05 measured and scaled (constrained to IC) 
'MXYL'       0.07 measured and scaled (constrained to IC) 
'PXYL'       0.07 measured and scaled (constrained to IC) 
'EBENZ'      0.045 measured and scaled (constrained to IC) 
'C2H4'       0.875 scaled to benzene (constrained to IC) 
'C2H6'       1.43 scaled to benzene (constrained to IC) 
'C3H6'       0.32 scaled to benzene (constrained to IC) 
'C3H8'       0.955 scaled to benzene (constrained to IC) 
'NC4H10'     0.91 Sum of all butanes scaled to benzene (constrained to IC) 



'BUT1ENE'    0.035 Sum of all butenes scaled to benzene (constrained to IC) 
'C2H2'       0.5 scaled to benzene (constrained to IC) 
'CH3COCH3' 1.125 measured (constrained to IC) 
'C5H8'      0.2 measured (constrained to IC) 
'APINENE'    0.1 measured and evenly split between the two MTs in the 

MCM (constrained to IC) 
'BPINENE'    0.1 measured and evenly split between the two MTs in the 

MCM (constrained to IC) 
'CH3OH'    2 measured (constrained to IC) 
'HCHO' 1 a priori model assumption (not constrained) 
'CH3CHO' 0.47 measured (not constrained) 
'C4H6'       0.025 scaled to benzene (constrained to IC) 
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