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ABSTRACT: The Innsbruck Atmospheric Observatory (IAO) aims to investigate atmospheric 
chemistry, micrometeorology, and mountain meteorology in a synergistic fashion within an urban 
setting. A new measurement supersite has been established in order to study processes affecting 
the exchange of momentum, energy, trace gases, and aerosols in an Alpine urban environment. 
Various long-term continuous measurements are augmented by frequent focused research cam-
paigns with state-of-the-art instrumentation, linking different classes of data and addressing 
significant gaps in scientific data availability for urban environments. Current activities seek to 
address research objectives related to the urban heat island, trace gas emissions, the influence of 
foehn on air quality, and the atmospheric distribution of trace gases and aerosols in a mountainous 
city. We present initial results from long-term operations and first highlights from two intensive 
operational phases, showing that 1) the exchange of greenhouse gas emissions is dominated by 
anthropogenic activities and is driven by location-specific venting of street canyon air; 2) foehn 
events significantly perturb the photostationary state indicative for an extensive and rapid airmass 
exchange of the valley atmosphere; 3) the temporal distribution of pollutants is often decoupled 
from their emissions and primarily modulated by mountain boundary layer dynamics; 4) we can 
detect a large number of volatile chemical products in the urban atmosphere, which can be used 
to fingerprint anthropogenic emission sources; and 5) the first urban carbonyl sulfide (COS) flux 
measurements point toward anthropogenic emission sources.
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M
ore than 50% of the population currently resides in urban areas and this proportion 

continues to grow. The UN Department of Economic and Social Affairs projects 

that 68% of the world population will live in urban environments by 2050. In 

Europe, cities already host about 74% of the population (United Nations 2019) and are a 

major contributor to air pollutant and greenhouse gas emissions. Urban growth, along with 

socioeconomic development, leads to increases in anthropogenic emissions. In future, the 

atmospheric input of climate and air quality relevant gases is therefore expected to be even 

more concentrated in and around urban environments.

Emission inputs are often one of the most uncertain components of complex atmospheric 

models, and development of a robust predictive capability requires accurate data and careful 

evaluation of bottom-up emissions (National Academy of Sciences 2016; Blain et al. 2017). As 

an example, ground-based remote sensing of plumes (Bishop et al. 2010; Carslaw and Rhys-

Tyler 2013) and top-down eddy covariance measurements (Lee et al. 2015; Vaughan et al. 2017; 

Karl et al. 2017) have demonstrated that bottom-up projections of anthropogenic emissions 

are still subject to considerable uncertainties.

While standard air quality monitoring across Europe, the United States, and parts of 

Asia is reasonably well established (e.g., European Air Quality Agency 2019), process-scale 

investigations of the exchange of trace gases, energy and momentum are rare. Atmospheric 

chemistry studies have often focused on the global and regional atmosphere, but there is a 

growing need to develop understanding of urban chemistry and dispersion processes occur-

ring at smaller scales. Despite the increase in experimental activities in the field of urban 

micrometeorology over the last 30 years (e.g., Louka et al. 2000; Rotach et al. 2005; Vogt et al. 

2005; Grimmond 2007; Barlow 2014), including some observations of trace gas and aerosol 

exchange measurements (e.g., Nemitz et al. 2008; Velasco et al. 2009; Langford et al. 2009; 

Karl et al. 2009, 2018; Rantala et al. 2016), there is still a need for robust long-term observa-

tions of turbulent exchange measurements over urban areas.

After trace gases and aerosols are emitted close to the surface they will be transported and 

transformed within the atmospheric boundary layer (ABL), and eventually, depending on their 

atmospheric lifetime, distributed locally, regionally, or globally. Estimating emissions from 

atmospheric columns (e.g., obtained from remote sensing) or in situ concentration measure-

ments often requires good knowledge of the structure of the ABL and the atmospheric chemistry 

of reactive gases and aerosols (Barth et al. 2005; Arellano et al. 2011; Lenschow et al. 2016).

Recent observations (Zhang et al. 2016) have shown that linking concentrations to emissions 

in the real atmosphere is a nontrivial task due to the vertical layering of reactive gases and 

aerosols (Lenschow et al. 1980; Vinuesa and De Arellano 2003). Observational studies in the 

Alps (Rotach et al. 2017), for example, have shown a complex interplay between air density 

gradients, vertical mixing, and valley and slope winds, which influence the mixing ratios of 

trace gases and aerosols (e.g., Gohm et al. 2009).

At the city scale, the presence of large roughness elements and their thermal properties 

modifies the lowest part of the surface layer. The near-surface layer over an urban area is 

generally expected to be warmer [the well-known urban heat island (UHI) effect], and the 
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flow within it slower, compared to the rural surroundings (Grimmond and Oke 1999). The 

interaction with the boundary layer as a whole, however, can sometimes lead to (early morn-

ing) urban cooling (Theeuwes et al. 2015) or an acceleration of the flow (i.e., the “urban wind 

island”; e.g., Droste et al. 2018). However, the complex interactions between urban surfaces 

and the urban boundary layer make predicting transport and diffusion of air pollutants over 

urban areas a challenge (e.g., Rotach et al. 2004). At small scales [“street scale”; i.e., <100 m, 

according to Britter and Hanna (2003)], where individual building structures are resolved, 

dispersion of pollutants is largely influenced by microscale features making modeling (and 

understanding) highly complex.

The investigation of pollutant exchange processes (and similarly, exchange processes 

for energy or momentum) over urban areas therefore either needs to include measurements 

far enough away from the surface within the inertial sublayer (usually at least two or three 

average building heights away from the surface) or, alternatively, a detailed coverage of the 

flow and turbulence structure within the roughness sublayer. Expanding traditional surface 

measurements with micrometeorological and remote sensing observations can give deeper 

insight into the evolution of air pollutants (e.g., Darbieu et al. 2015; Banerjee et al. 2018), and 

significantly enhance the interpretation of surface mixing ratio measurements.

The Innsbruck Atmospheric Observatory (IAO) is an attempt to bring complex measurement 

setups required for atmospheric chemistry together with micro- and mesoscale observations 

of transport. This long-term research infrastructure also opens up new avenues for linking 

different classes of data (e.g., in situ vs remote sensing) and addresses significant gaps in 

scientific data availability in urban environments. The newly established observatory will 

also significantly enhance long-term climate observations of the WMO Centennial Observ-

ing station in Innsbruck operated by the Austrian National Weather Service (ZAMG) and 

the University of Innsbruck since 1877. This manuscript describes the scientific rationale 

leading to the establishment of the Innsbruck Atmospheric Observatory and its relation to 

successful past activities such as the Mesoscale Alpine Programme (MAP) (Bougeault et al. 

2001). Further, we present initial scientific highlights from two intensive operational periods 

(IOP2015 and IOP2018) and an outlook to future coordinated investigations of the coupled 

urban-atmosphere interface.

Site characteristics

The IAO is located on the Innrain campus of the University of Innsbruck (47°15�50.5�N, 

11°23�08.5�E) close to the city center of Innsbruck, the fifth-largest city in Austria with ap-

proximately 130,000 inhabitants (Statistik Austria 2019). The study period referred to in this 

manuscript summarizes results obtained during the first 2.5 years of full operation. An impor-

tant addition was the construction of a micrometeorological tower, with the top measurement 

level at 42.8 m above ground. A technical description including details of the instrumentation 

is provided in the supplementary information.

The center of Innsbruck is characterized by a mix of modern, gothic, renaissance, and 

baroque architecture, typical of many western European cities that were partially rebuilt after 

1945. In the city center, 5–7 story buildings are typically arranged in blocks (approximately 

100 m × 100 m) around a central courtyard, which contains grass, trees, and lower buildings 

(Fig. 1). As has been suggested for similar European cities (Christen et al. 2009), these lower 

buildings are not aerodynamically important but they bring down the mean building height. 

Within 500 m from IAO, the mean building height is 17.3 m whereas the modal building height 

of about 19 m corresponds to the 5–7 story buildings, which are more important in terms of 

their form drag. For this reason, the displacement height, z
d
, is estimated as 13.3 m (0.7 m × 19 

m; e.g., Grimmond and Oke 1999). The roughness length, z
0
, is 1.6 m. Footprint analysis (e.g., 

Fig. 1, Fig. ES1 in the online supplemental material; https://doi.org/10.1175/BAMS-D–19-0270.2) 
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suggests 70% of the source area lies 

within 500 m from the tower, where the 

plan area fraction of buildings is 31%, 

roads and paved surfaces 42%, vegeta-

tion 19%, and water 8%. The land-cover 

fractions vary slightly in time as atmo-

spheric conditions alter the size and 

position of the source area. For easterly 

winds, the fraction of buildings is larger 

(40%) and vegetation smaller (10%) than 

for westerly winds (25% buildings and 

15% vegetation, respectively).

The wider area around Innsbruck is 

home to about 300,000 people, who live 

along the east–west-oriented Inn Valley, 

which represents one of the main trans-

port routes across Europe. Each year ap-

proximately 6 million vehicles (Eurostat 

2019) pass through the eastern traffic cor-

ridor of the Inn Valley. The overall length 

of the Inn Valley is about 510 km. Around 

Innsbruck it is approximately 15 km wide 

(peak to peak) and surrounded by moun-

tain ridges about 2.5 km high.

Meteorological and chemical 

overview

Climatology at the IAO. On a continental scale the European Alps are generally influenced 

by a moderately wet northwesterly flow from the Atlantic. In the northern Alps dry cold 

winter or warm humid summer conditions can also persist when air masses either from the 

eastern continent or from the Mediterranean area to the south dominate. The local climate in 

Innsbruck is characterized by its setting in the east–west-oriented Inn Valley, which is joined 

by a north–south-oriented valley (Wipp Valley) that leads to one of the major Alpine passes 

across the main Alpine crest. Mean monthly temperatures range from close to 0°C in winter 

to about 20°C in summer (Table 1).

Since the 1980s a pronounced warming trend has occurred, with the strongest warming in the 

last few decades in spring and summer (Zentralanstalt für Meteorologie und Geophysik 2018). Here 

we provide a brief overview of the climatology since the IAO was established and covering the 

IOP in August 2018, hereafter IOP2018. The average over the years 2016–18 shows that all months 

were warmer compared to the climate reference 1981–2010. Due to the topographic shielding 

effect the annual precipitation sum in Innsbruck is below 1,000 mm with monthly maxima in 

the convective season. In the central Alps precipitation shows a high year-to-year variability but 

no significant trend. The period 2016–18 was slightly wetter compared to the reference period. 

Sunshine duration sums up to around 2,000 h per year. The period 2016–18 shows an excess of 

about 140 h (7%) relative to the reference period, which fits well with the observed positive trend 

since the 1980s (Brunetti et al. 2009). Low-level temperature inversions can be a particular issue for 

air quality during the cold season. The inversion frequency in an approximately 340 m thick layer 

from the valley ground peaks in December and January, with a yearly average of 16% (Table 1).

The valley topography leads to characteristic thermally driven along-valley winds reflect-

ing the orientation of the valley axis. The distribution of wind direction (Fig. 2) demonstrates 

Fig. 1. 50%, 60%, 70%, and 80% composite flux source area at the 

IAO overlaid on ground height (gray) and building and tree height 

(color). The cross marks the position of the IAO tower (42.8 m above 

street level) and the dashed circle has a radius of 500 m. Spatial 

datasets are from Land Tirol. The flux footprint was calculated for 

42.8 m height during the IOP2018 according to Kljun et al. (2015).
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the channeling of the flow by 

the Inn Valley. The northeast-

erly upvalley flow tends to be 

stronger than the southwest-

erly downvalley flow. Due to 

Innsbruck’s location north of 

the exit of the Wipp Valley, 

the strongest winds are south-

erly foehn winds. In the period 

2016–18, about 311 h of foehn 

conditions per year were ob-

served with a bimodal structure 

peaking in spring and autumn. 

In winter, foehn winds often do 

not reach the bottom of the val-

ley due to a stably stratified cold 

pool and the summer minimum 

ref lects rare southerly f low 

conditions. During the IOP2018 

(Table ES3) we additionally 

measured winds in the street 

canyon [3.0 m above ground 

level (AGL)]. Here the orien-

tation of the street becomes 

more important in channeling 

the flow (Fig. ES3b). At both 

locations (tower top and street 

canyon), we observed wind directional changes from downvalley (southwesterly) to upvalley 

(northeasterly) at about 1000 UTC, and back again after 2300 UTC.

Table 1. Key climatological variables at the University of Innsbruck for 2016–18, the reference period 1981–2010, and the 
deviation to the reference indicated by ∆. For the temperature inversion frequency the slope station Hungerburg at 342 m 
above the valley floor was additionally used; a long-term evaluation is not available.

Parameter Period Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

Monthly mean 
temperature 
(°C)

2016–18 −0.3 2.6 6.6 11.4 15.6 19.3 20.0 20.0 15.1 10.6 5.2 0.4 10.6

1981–2010 −1.0 0.8 5.3 9.6 14.5 17.2 19.1 18.3 14.4 9.9 3.9 -0.1 9.3

∆ 0.7 1.8 1.3 1.8 1.1 2.1 0.9 1.7 0.7 0.7 1.3 0.5 1.2

Monthly mean 
precipitation 
sum (mm)

2016–18 72.7 35.0 44.7 60.3 65.3 115.7 112.7 179.0 77.7 60.7 44.0 58.7 926.3

1981–2010 40.5 39.3 54.9 56.1 81.7 111.7 131.6 122.2 77.1 60.0 57.0 49.5 881.6

∆ 32.2 −4.3 −10.2 4.2 −16.4 4.0 −18.9 56.8 0.6 0.7 −13.0 9.2 44.7

Sunshine 
duration (h)

2016–18 107.0 109.3 176.0 217.0 223.3 222.3 227.3 235.0 198.7 172.3 96.3 103.3 2,088.0

1981–2010 100.0 123.0 163.0 180.0 205.0 200.0 231.0 213.0 183.0 163.0 102.0 83.0 1,946.0

∆ 7.0 −13.7 13.0 37.0 18.3 22.3 −3.7 22.0 15.7 9.3 −5.7 20.3 142.0

Foehn (h)

2016–18 8.7 33.8 44.3 88.0 49.5 3.8 0.0 7.7 2.7 26.2 36.2 10.3 311.2

1981–2010 17.5 21.7 40.8 72.9 68.0 21.8 14.5 14.7 28.6 41.5 29.5 18.1 389.5

∆ −8.8 12.1 3.5 15.1 −18.5 −18.0 −14.5 −7.0 −25.9 −15.3 6.7 −7.8 −78.3

Temperature 
inversion 
frequency (%)

2016–18 37 21 11 11 7 2 1 5 10 23 25 45 16

1981–2010 n. a. n. a. n. a. n. a. n. a. n. a. n. a. n. a. n. a. n. a. n. a. n. a. n. a.

Fig. 2. Distribution of wind direction at Innsbruck University in the period 

2016–18 color-coded with the wind speed frequency in each 10° wind 
sector. Wind rose is based on half-hourly mean values.
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Micrometeorological aspects. During the IOP2018 we augmented long-term micrometeorologi-

cal observations at the rooftop with measurements conducted at the street level. Due to their 

different locations, there are noticeable differences between fluxes measured at the rooftop 

and in the street canyon (Fig. 3). First, the shortwave radiation receipt (K) is much lower in 

the street canyon due to shadowing by buildings on the southeast side of the street. The street 

station is only in direct sunlight during the middle of the day (0900–1430 UTC) when the eleva-

tion of the sun exceeds the height of the buildings or when the sun’s azimuth lies between two 

buildings. During rest of the day the street canyon is shaded and the radiometer records the 

diffuse radiation received. This is only about 100 W m–2 compared to about 400–600 W m–2 at 

the tower top. On cloudy days, K is similar at both sites. Outgoing shortwave radiation (K) 

follows a similar diurnal course to K. The midday albedo on the rooftop is slightly higher (ap-

proximately 0.19) than in the street (approximately 0.14), partly due to the different materials in 

the field of view of the radiometer. While the tower radiometer sees mainly light-colored roof 

surfaces, the radiometer at the street station sees grass and dark road surfaces.

Incoming longwave radiation was higher at the street canyon level due to the larger frac-

tion of warmer buildings as opposed to cold sky in the field of view of the upward-looking 

pyrgeometer. Conversely, the outgoing longwave radiation was lower at the street canyon level 

Fig. 3. Median diurnal cycles and interquartile ranges (shaded) of (a) radiative fluxes, (b) net radia-

tion (Q*) and turbulent sensible (H) and latent (LE) heat fluxes, (c) turbulent kinetic energy (TKE), 

and (d) carbon dioxide fluxes observed at the rooftop station (solid lines) and street canyon station 

(dashed lines) during August 2018 (IOP2018). The dotted black line in (a) indicates the incoming 

shortwave radiation at the top of the atmosphere.
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suggesting the surfaces in the field of view of the downward-looking pyrgeometer are colder 

and/or characterized by lower emissivity compared to the surfaces in the field of view of the 

IAO net radiometer. These differences in radiation components combine to give markedly 

different net radiation for each site (Fig. 3b). The impact of building shading is still evident 

but Q* is higher at the street station during the middle of the day due to the lower outgoing 

shortwave and longwave components and greater incoming longwave component.

In urban environments the available energy is supplemented by heat released by human 

activities (building energy use, fuel combustion for transport and human metabolism), but 

the main energy input in summer is from the net radiation. At the IAO tower the sensible 

heat flux (H) is much larger than the latent heat flux (LE), which reflects the lack of readily 

available moisture from largely impervious construction materials and the small proportion 

of vegetation in the source area. On average, 45% of the daytime net radiation is partitioned 

into H and only 10% into LE. The daytime Bowen ratio (H/LE) lies between about 2 and 6, 

which is comparable to other city-center sites with low vegetation fractions (e.g., Basel and 

London; Christen and Vogt 2004; Kotthaus and Grimmond 2014) The bulk of the remaining 

energy is stored in the urban surface. For the street station the partitioning between H and LE 

is more equal: H is much lower and LE is slightly higher, attributed to the greater proportion of 

vegetation in the source area and the limited heating of surfaces when the street is in shade.

These results highlight important issues concerning measurements in urban areas. First, to 

obtain representative observations for the local scale, measurements should be made above 

the roughness sublayer (e.g., if the street station had been installed in a larger green area or 

a car park, the results would be different). Second, although the turbulent fluxes are larger 

during the period when the street-level station receives direct solar radiation, the response 

of the surface is clearly not instantaneous. Third, the source area of radiation and turbulent 

flux measurements are very different, which should be kept in mind when analyzing data in 

spatially and/or temporally heterogeneous environments.

The CO
2
 flux at the street station is much larger than at the tower top. This is partly due to 

the source area composition (the tower source area is composed of a range of surfaces of which 

only about 10%–15% are roads, whereas the street station is installed right next to a busy 

road), and partly due to the atmospheric conditions at the sites. Close to the floor of the street 

canyon, turbulent mixing is much smaller than at the tower top (Fig. 3c), which means that 

the CO
2
 emissions from traffic are not easily transported away from the sensor and dispersed. 

Instead, the CO
2
 concentration builds up near street level (e.g., Vogt et al. 2005) and the result-

ing large concentration gradient drives the high fluxes (Fig. 3d). CO
2
 fluxes observed at the 

main IAO tower are always positive, indicating that the city is a clear source of CO
2
 all year. 

Any photosynthetic uptake of CO
2
 is masked by the anthropogenic emissions; however, CO

2
 

fluxes are smaller during the summer, which may be a combination of increased vegetation 

activity and reduced anthropogenic CO
2
 emissions. Seasonal differences in the flux footprint 

(e.g., varying surface composition) possibly also play a role.

Atmospheric chemistry in urbanized valleys. The Inn Valley could be regarded as a large 

photochemical reactor under weak synoptic forcing. High nitrogen oxides (NO
x
) emissions 

injected at the urbanized valley bottom mix with reactive biogenic precursors emitted along 

forested slopes resulting in a potentially significant haze factory. The main drivers for urban 

gas-phase chemistry are NO
x
 emissions, which are typically present in excess, as well as CO 

and nonmethane volatile organic compound (NMVOC) emissions. In the Inn Valley, aromatic 

VOCs (e.g., BTEX), CO, and aerosols (PM
2.5

 and PM
10

), have seen a trend reversal, where concen-

tration levels have decreased considerably, despite increasing traffic volume and population 

growth (Umweltbundesamt Austria 2019). This can be attributed to decreasing emissions from 

traffic in many developed economies (McDonald et al. 2013; Ehlers et al. 2016). The fraction of 
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other anthropogenic NMVOC sources however is believed to have increased and might have 

previously been underestimated (Karl et al. 2018; McDonald et al. 2018). New observational 

tools allow fluxes of a wide array of NMVOCs to be quantified (see science highlight in the 

“Characterizing the distribution of NMVOC in Innsbruck” section).

A limited number of studies on NMVOC measurements in the Alps (e.g., Prévôt et al. 2000; 

Dommen et al. 2001; Holzinger et al. 2001; Schnitzhofer et al. 2008) suggest that the general 

distribution of sources is comparable to other areas across Europe, with the exception that 

anthropogenic emissions are often concentrated along valleys, and biogenic emissions 

dominate along alpine slopes. The mountain circulation system can redistribute biogenic 

and anthropogenic NMVOC effectively during summer, or inhibit the mixing of these NMVOC 

during stagnant wintertime temperature inversions. Nitrogen oxides are primarily emitted 

along valley centers, where the density of roads and population is highest. Nitrogen dioxide 

(NO
2
), which is toxic and contributes to tropospheric ozone formation, has not exhibited a 

significant trend reversal, and NO
2
/NO

x
 ratios have increased since 2000, similar to other 

European areas (Grange et al. 2017). It is suspected that the proliferation of the diesel fleet has 

led to this regional NO
2
 problem, where many regions across Europe are currently challenged 

by excessive amounts of NO
2
 (Franco et al. 2014; Carslaw et al. 2016).

Current activities at the IAO therefore also focus on urban emission sources of nitrogen 

oxides along with NMVOC. Direct flux measurements of NO
x
 and CO

2
 (Karl et al. 2017) showed 

that urban-scale NO
x
 emission factors were substantially higher than some projections based 

on various bottom-up emission inventories used for air quality (AQ) modeling. Part of the 

discrepancy can likely be explained by underreported emissions from the transport sector, 

which has a major impact on the accuracy of European NO
x
 emission inventories. One major 

topic we seek to address on a larger scale is to understand important driving factors control-

ling the abundance and distribution of NO
x
 and O

3
 within the city and the Inn Valley.

To illustrate the effects of chemistry and transport on O
3
, we can for example look at the 

photochemical state of ozone production. The photostationary state (PSS; or Φ) of the NO–

NO
2
–O

3
 triad is defined after Leighton (1961) as

 � �
j

k

NO
NO

NO][O

2 2

3

[ ]

[ ]
,  (1)

where j
NO2

 is the photolysis rate of NO
2
; [NO

2
], [NO], and [O

3
] represent the concentrations of NO, 

NO
2
, and O

3
, respectively; and k is the reaction rate constant between the reaction of NO with O

3
.

The PSS (i.e., Φ) represents the steady-state solution of the fast null cycle reactions of the 

NO–NO
2
–O

3
 triad. Within the reactions between NO, NO

2
, and O

3
 these species are intercon-

verted but not lost due to oxidation. If an unperturbed steady state is achieved, Φ should 

therefore be one. In urban areas where NO levels are high, O
3
 is efficiently converted to NO

2
 

by reaction with NO, and NO
2
 serves as a temporary reservoir of O

x
 (:= O

3
 + NO

2
). The cycling 

between NO, NO
2
, and O

3
 under these conditions is fast, and PSS is typically achieved within 

100 s. When NO
x
 concentrations during daytime are high the PSS often exhibits ratios close 

to 1 (i.e., photostationary state is achieved). PSS deviations greater than one have been attrib-

uted to additional chemistry (e.g., via HO
2
 or RO

2
 + NO reactions) (e.g., Carpenter et al. 1998; 

Mannschreck et al. 2004; Griffin et al. 2007) or transport phenomena (e.g., De Arellano et al. 

1993; Khalil 2018) On the other hand deviations below 1 can only be explained by transport 

processes of precursors. Thus the analysis of PSS allows to disentangle the net import of ozone 

from local conversion processes.

Close to IAO there are three AQ stations, that allow measurements conducted at the IAO 

to be extended spatially and temporally. Figure 4 shows a merged analysis based on mea-

surements conducted at an AQ site (EU AT72106, located within about 500 m of the IAO) for 

foehn and nonfoehn days in 2015. NO, NO
2
, and O

3
 were measured at the AQ site, photolysis 
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rates and temperature were calculated from data obtained at the IAO. PSS on nonfoehn days 

is on average close to one (i.e., Φ = 1), comparable to many urban areas. We clearly see this 

effect during foehn events, where Φ drops significantly below 1, suggesting that a substantial 

amount of ozone is imported into the valley during these events. For example, a PSS of 0.5 

(Φ = 0.5; Fig. 4) indicates that 50% of ozone is imported into the valley during foehn events. 

Figure 4 also shows that the distribution of PSS on foehn days is significantly skewed due to 

a complex interplay between local precursor emissions, chemistry, and airmass advection. 

Ozone transport phenomena in Alpine valleys during foehn events have been investigated in 

the past. For example, Seibert et al. (2000) summarized processes leading to ozone enhance-

ment during foehn events. It should be noted that the interconversion between NO, NO
2
, and O

3
 

does not lead to a net loss of NO
x
 and that the atmospheric lifetime of NO

x
 is primarily driven 

by oxidation of NO
2
 with OH. Recently, Laughner and Cohen (2019) detected a change of NO

x
 

lifetime in North American cities due to changing emissions. Based on their assessment, we 

estimate a NO
x
 lifetime of 6–7 h for Innsbruck (e.g., NO

2
 column: 1.3 × 1016 molecules cm−3; OH 

reactivity: 10–15 s–1), which is at the upper limit compared to U.S. cities.

Two Pandora spectrometer systems [details provided in the online supplemental material 

(https://doi.org/10.1175/BAMS-D–19-0270.2)] measure long-term column densities of NO
2
 and O

3
 at 

the IAO. The combination of long-term Pandora observations at the IAO, with globally derived 

remote sensing products (e.g., Sentinel-5b) and in situ datasets (at the IAO and nearby AQ sta-

tions) will allow studies spanning different spatial scales across the Inn Valley. The Pandora data 

for NO
2
 and O

3
 are now routinely processed and provided through the Pandonia Global Network. 

Fig. 4. Distribution (i.e., number of hourly data) of daytime photostationary state (Φ) observed 

in Innsbruck for (a) nonfoehn and (b) foehn days during 2015.
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Aerosol optical depth (AOD) can be additionally obtained from a four channel sun photometer. 

As an example, NO
2
, AOD, and O

3
 column data for an aggregated time series between 2017 and 

2018 for Innsbruck are shown in Figs. 5a–c. These data reflect the path-integrated valley atmo-

sphere. As can be seen, NO
2
 columns are highest during the wintertime when strong low-level 

temperature inversions and associated reduced mixing lead to an accumulation of air pollut-

ants within the valley. UV/visible remote sensing techniques typically obtain NO
2
 rather than 

NO
x
, and NO

x
 trends have often been estimated inferentially in the past (Reuter et al. 2014). For 

Innsbruck, our goal is to expand the trend analysis regarding valley integrated NO
x
 concentra-

tions based on a combination of remote sensing, modeling and in situ observations.

Further, the Pandora remote sensing instruments also serve as a testbed for the Pandonia 

Global Network. New developments in instrument operation software, data acquisition 

software, observation modes, measurement techniques, optics, and other hardware are first 

introduced at IAO and then, after successful testing, applied to all instruments in the network. 

Usually the changes are introduced in one of the two instruments and the other one is used 

as a reference. For some developments the unique geographical situation of Innsbruck has 

been utilized. For example, one of the instruments was temporarily moved to a high altitude 

site (Hafelekar, horizontal distance from IAO 4.5 km, vertical distance 1.6 km) in order to 

validate tropospheric column retrievals.

First research insights

To illustrate the suite of available observations this section presents three additional highlights 

from two IOPs (IOP2015 and IOP2018; Table ES3), when a significant portion of continuous 

and campaign-based instrumentation was operational.

A day in the valley: Combined remote sensing and in situ measurements during the 

European heat wave in 2018. By combining various remote sensing and in situ datasets, 

the impact of boundary layer evolution on fluxes and concentrations of trace gases can be 

analyzed. As an example we show data from one representative day (28 August 2018) toward 

the end of the 2018 heat wave. This day was characterized by weak synoptic forcing and clear-

sky conditions resulting in a strong diurnal cycle of radiative forcing (Fig. 6d) favoring the 

generation of thermally driven flows in the Inn Valley (Figs. 6a,c) with downvalley (westerly) 

winds during nighttime and upvalley (easterly) winds during daytime (e.g., Vergeiner and 

Dreiseitl 1987; Zängl 2004; Goger et al. 2018; Lehner et al. 2019). The morning transition 

from downvalley to upvalley flow occurred at about 1000 UTC (cf. “Climatology at the IAO” 

Fig. 5. Pandora and sun-photometer column measurements from 1 Jan 2017 to 31 Dec 2018: (a) NO
2
 total columns (Pandora), 

(b) O3 total columns (Pandora), and (c) aerosol optical depth (AOD) at 500 nm (sun photometer). Only measurements of 

highest data quality are shown (i.e., measurements contaminated by clouds are filtered). For visualization purposes, 
datasets are grouped to 15 min bins (the data gap for AOD beginning 2018 was due to instrument recalibration).
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section). The daytime heating led to a continuous growth of the convective boundary layer 

during the morning, as illustrated by the evolution of the pseudovertical profile of potential 

temperature measured by weather stations along the mountain slope north of Innsbruck 

(Fig. 6a). The boundary layer height deduced from the vertical velocity variance retrieved from 

Fig. 6. Measurements on 28 Aug 2018: (a) Potential temperature (color contours) and wind barbs for hori-
zontal winds as a function of height, (b) vertical velocity variance (color contours) and corresponding ABL 
height (red dots), (c) near-surface temperature (red), wind speed (blue), and wind direction (black), (d) TKE 

(black), sensible and latent heat fluxes (red and green), and shortwave incoming radiation (orange), (e) CO
2
 

fluxes (blue) and mixing ratios (black), (f) ozone fluxes (blue) and mixing ratios (black), (g) NO and NO
2
 fluxes 

(blue solid and dashed), NO and NO
2
 mixing ratios (black solid and dashed), and NO

2
 columns (red), and (h) 

summed NMHC concentrations (black) and fluxes (blue).
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a Doppler wind lidar peaked at midday between about 600 and 900 m AGL (Fig. 6b). Late 

afternoon (e.g., 16 h) when the vertical velocity variance rapidly decreases for some period, 

the estimated ABL retrieved from the wind lidar seems biased low. More research is needed 

to investigate the sensitivity of ABL retrievals under these conditions. Sensible heat peaked 

in the morning and, as expected from the land-cover characteristics (“Site characteristics” 

section), latent heat fluxes were low (Fig. 6d).

Urban trace gases fluxes (CO
2
, NMHC, NO

x
, and O

3
) peaked during midday (Figs. 6e–h), 

along with turbulent kinetic energy (TKE) (Fig. 6d). NO
x
 has strong emission sources along 

the valley, suppressing net ozone formation in the urban core. Ozone exhibited a substantial 

downward flux above the city (Fig. 6f), which is mainly driven by the conversion of NO to NO
2
. 

With the exception of ozone, which is primarily photochemically produced, all other trace 

gases exhibit concentration minima during daytime (Figs. 6d–h) due to dilution initiated by 

ABL growth and thermally driven slope and valley winds.

We also show the diurnal evolution of ground-based NO
2
 column data obtained by the 

Pandora system (Fig. 6g). The interpretation of the diurnal cycle is more complex compared to 

in situ measurements near the ground. While all NO
x
 concentration data (in situ and column) 

exhibit a morning peak, their interpretation might differ. In situ NO
2
 shows an early morning 

peak, which is caused by increasing NO
x
 emissions due to traffic and a shallow ABL height. 

NO rapidly reacts with O
3
, so that a large fraction of NO

x
 is converted to NO

2
 suppressing local 

ozone concentrations. The decline of in situ NO
2
 mixing ratios is caused by dilution due to 

ABL growth. The latter alone however cannot explain the decline of column NO
2
, since this 

quantity should be invariant to vertical dilution effects. However, as the sun moves from 

east to west, the Pandora column measurement will scan different parts of the Inn Valley. At 

about 0500 UTC the sun elevation angle was 5°, and the azimuth of the Pandora observations 

pointed east. This is an area of increased NO
x
 pollution sources due to the A12 motorway. 

Declining NO
2
 column densities until about 1000 UTC likely reflect the fact that the system 

measured less polluted air masses toward the south of Innsbruck, which is still characterized 

by relatively clean downvalley flow. At the time when the valley wind system transitions from 

a westerly to an easterly flow, the increase in NO
2
 column density likely reflects the fact that 

more polluted air masses were advected past the field of view of the Pandora instrument, 

which at this time was facing south.

Fluxes and concentrations of nonmethane hydrocarbons (NMHC) are generally character-

ized by an increase during the rush hour (Fig. 6h). Here we only show the sum of detected 

hydrocarbons (i.e., C
x
H

y
), which by definition always exhibit an emission flux, because they are 

only released by primary emission sources (e.g., no photochemical production). NMHC were 

measured by an online technique [proton-transfer-reaction quadrupole-interface time-of-flight 

mass spectrometer (PTR-QiTOFMS)]. Since certain classes of NMHC (e.g., lightweight alkanes) 

are not detected by this measurement method, the plotted total concentration represents a 

lower limit, although we have previously shown that the diurnal cycle is quite representative 

of the bulk anthropogenic NMHC flux (Karl et al. 2018). Following the increase during rush 

hour NMHC concentrations generally decrease due to dilution, similar to other trace gases 

(e.g., CO
2
, NO

x
). NMHC fluxes stabilize during daytime largely following the diurnal course of 

CO
2
 fluxes. Emissions of urban NMHC, and more generally NMVOC, are quite complex owing 

to many different anthropogenic emission sources (McDonald et al. 2018; Karl et al. 2018). 

Certain NMVOC can be used as specific tracers to provide chemical fingerprints. The next 

section discusses an example of NMVOC observations at the IAO in more detail.

Characterizing the distribution of NMVOC in Innsbruck. A major atmospheric chemistry 

focus concerns the complexity of nonmethane organic compound (NMVOC) emissions and 

distributions, which fuel ozone chemistry and serve as precursors to secondary organic 
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aerosol formation (Jenkin et al. 1997; Jimenez et al. 2009). Based on PTR-MS technology we 

have conducted a series of studies on the exchange of urban NMVOC and were able to show 

that urban emission sources are diverse and can exhibit complex emission patterns (Karl et al. 

2018). The distribution of urban NMVOCs is nowadays mostly dominated by volatile chemical 

products. Some of these NMVOC emission fluxes can serve as unique markers. For example, 

we have detected trace amounts of evaporative emissions from cosmetic products that can 

serve as urban human markers (Fig. 7). Figure 7 shows the sum of D3, D4, D5, and D6 siloxane 

fluxes measured at the IAO. Emission fluxes of these compounds exhibit a significant rush 

hour peak, and show pronounced differences between weekdays and Sundays.

More established markers include acetonitrile or furans that are indicative of burning 

activities (e.g., Coggon et al. 2016). Other tracers are biogenic VOCs (trees), and combustion 

and fuel evaporative NMVOC, such as aromatic species (e.g., benzene and toluene). NMVOC 

at the IAO are measured using a PTR-QiTOFMS instrument, which allows 10 Hz acquisitions 

of about 300,000 mass channels, enabling a wide range of NMVOCs to be scanned. Strictly 

speaking, the instrument enables the 10 Hz online measurement of the isobaric composition 

of the NMVOC pool. The selectivity of these types of measurements for atmospheric chem-

istry–related research has been evaluated over the past 20 years (e.g., Lindinger and Jordan 

1998; De Gouw et al. 2003; Graus et al. 2010; Karl et al. 2012; Sulzer et al. 2013).

A useful quantity to normalize the impact of reactive carbon (e.g., NMVOC) on local radical 

(and ozone) chemistry is the OH reactivity, which is defined as

 R k i
i

i

OH OH
NMVOC�� ( )[ ],  (2)

where k
OH

(i) represents the OH rate constant for the ith NMVOC species, and [NVMOC]
i
 is the 

atmospheric concentration of the ith NMVOC. The OH reactivity is inversely proportional to 

the OH lifetime. For example, an OH reactivity of 10 s–1 corresponds to an OH lifetime of 0.1 s. 

Due to the extremely short lifetime OH is therefore not transported in the atmosphere and 

results from the local chemical balance of OH production and destruction. The OH reactivity 

is a very useful measure to constrain the catalytic ozone production efficiency in an air mass. 

The OH reactivity R
OH

 divided by the chemical loss of NO
2
 (i.e., reaction of NO

2
 with OH) is de-

fined as the chain length for ozone production. A chain length of 10 would, for example, mean 

that 10 molecules of ozone are 

produced before 1 NO
2
 is being 

oxidized.

Measuring OH reactivity of 

the individual pool of NMVOC 

is still difficult and often lim-

ited by analytical techniques. 

Systems that can indirectly infer 

the overall OH reactivity (e.g., 

Sinha et al. 2012; Dolgorouky 

et al. 2012; Brune et al. 2016) 

have suggested missing sources 

of NMVOCs in various environ-

ments. Bottom-up-scaling ap-

proaches of NMVOC reactivity, 

by definition, always represent 

a lower limit, because some 

species are hard to analytically 

identify or sample. In case of 
Fig. 7. Diurnal variation (median and standard deviation) of siloxane fluxes 

on weekdays (i.e., Tuesday–Thursday) and Sunday during the IOP2015.
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PTR-TOF-MS measurements, the mass spectrometric assignment to a specific isomer is also 

not always possible. However, in order to get a first glimpse at the measured urban NMVOC 

reactivity in Innsbruck, we performed the following data mining experiment: based on 

measurements conducted during the summer of 2015 (Karl et al. 2018), we extracted daily 

concentrations of the entire mass spectrum from a PTR-TOF-MS instrument, which included 

163 isobaric species up to m/z 445 (Table ES3). Next, the 10 most common isomeric molecular 

species were extracted from chemical databases and structurally assigned to the isobaric 

species list (National Institute for Standards 2018; Chemspider 2018) For each of the poten-

tially 1,630 species an OH rate constant (US EPA 2017) was determined. Theoretically this 

leads to 10163 possible realizations of OH reactivity. For compounds that could be uniquely 

assigned, only one species was used for the analysis (e.g., methanol), for some other species 

the list was constrained to the most relevant atmospheric species (a full table is provided in 

the supplementary information).

Finally, this led to a refined list of 1,436 species. To make the problem tractable one million 

random subsamples of this list were created and used to calculate a statistical distribution of 

OH reactivity. The resulting distribution is shown in Fig. 8 suggesting a most likely OH reac-

tivity bound between 10.0 and 12.5 s–1 (median = 10.9 ± 1.4 s–1). This number likely represents 

somewhat of a lower limit since some lightweight hydrocarbons (C2–C4 species) are not quanti-

tatively detected by PTR technology. Based on literature reports (Hellen 2003; Dolgorouky et al. 

2012; Borbon et al. 2013) these compounds missing from the current analysis would typically 

add another 0.7–2 s–1 in European cities. For comparison, an average campaign OH reactivity 

of 20 s–1 has been reported during the field-intensive [Megacities: Emissions, urban, regional 

and Global Atmospheric Pollution and climate effects, and Integrated tools for assessment and 

mitigation (MEGAPOLI)] for Paris (Dolgorouky et al. 2012). During MEGAPOLI a large fraction 

of oxygenated VOCs was not measured, which could be attributed to a missing urban NMVOC 

reactivity. Indeed if we scale OH reactivity in both cities to the measured benzene reactivity, 

and compare these measurements, the analysis for Innsbruck would suggest a value that is 

about 1.5 times higher, and could explain some of the missing OH reactivity inferred from 

indirect methods in Paris. This preliminary analysis warrants future investigations about 

the cycling of NMVOC 

and organic carbon in 

the urban atmosphere, 

and the role of biogenic 

and oxidized NMVOCs in 

Alpine regions. Combin-

ing different measurement 

techniques and top-down 

observations of OH reac-

tivity could help tackle 

this problem, and deter-

mine important sources of 

NMVOC in urban environ-

ments.

The issue of NMVOC 

loading also has ramifica-

tions for understanding 

the distribution of aero-

sols. For example, it has 

been recently postulated 

that monoterpenes act as 
Fig. 8. Relative distribution of the estimated OH reactivity for Innsbruck during 

the IOP2015 based on data initially published by Karl et al. (2018).
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the single biggest summertime source for secondary aerosols in the southeastern United 

States (Zhang et al. 2018). A high aerosol forming potential from monoterpenes has also been 

confirmed by numerous laboratory studies (e.g., Stolzenburg et al. 2018; Berndt et al. 2018; 

Gkatzelis et al. 2018). Since European ecosystems tend to emit a larger fraction of assimilated 

carbon in form of monoterpenes rather than isoprene when compared to their American 

counterparts (Simpson et al. 1999; Schnitzler et al. 2002; Calfapietra et al. 2013; Llusia et al. 

2013), the fraction of biogenically derived aerosol could be particularly large in the Alps, 

where they are mixed into an NO
x
 rich valley atmosphere. Further study of the atmospheric 

chemistry in Alpine valleys (e.g., Schroeder et al. 2013) is however required to elucidate the 

complex behavior of secondary air pollutant formation, particularly aerosols (e.g., Aksoyoglu 

et al. 2014; Hodzic et al. 2016).

First urban eddy covariance fluxes of COS. Direct flux measurements of carbonyl sulfide 

(COS) are increasingly used to decipher photosynthetic CO
2
 uptake and respiration fluxes above 

ecosystems. On a global scale COS is mainly produced in the oceans, and to a smaller degree 

by industrial activities. The uptake is dominated by plants in a fashion similar to CO
2
, but in 

contrast to CO
2
, COS is generally not emitted by plants (Whelan et al. 2018). The uptake of COS 

thus correlates with the photosynthetic uptake of CO
2
 by plants, and thus potentially allows 

the photosynthetic uptake to be disentangled from the respiratory release of CO
2
 in terrestrial 

ecosystems (Asaf et al. 2013; Spielmann et al. 2019). At the IAO we explored the possibility to 

use COS to identify photosynthetic uptake, since any uptake signal in the observed CO
2
 fluxes 

would be masked by the considerable CO
2
 emissions from fossil fuel combustion. During the 

IOP2018 we measured the flux of COS between the urban canopy and the atmosphere using a 

Fig. 9. Diurnal variation (mean and one standard deviation) of (top) CO
2
, (middle) CO, and (bottom) COS fluxes measured 

above the city of Innsbruck. Data are stratified by working days (Monday–Friday), Saturdays, and Sundays (including 
public holidays). As reference the Monday–Friday average fluxes are also plotted in the other panels.
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quantum cascade laser absorption spectrometer (MiniQCL, Aerodyne, United States) (Stimler 

et al. 2010).

Figure 9 shows the diurnal course of COS, CO
2
, and CO fluxes for the first three weeks of 

IOP2018. CO fluxes are used as a surrogate for emissions from combustion sources. Generally, 

the COS flux was close to zero from late afternoon until after midnight, and then started to 

decrease slightly (i.e., net uptake of COS) until midmorning, before it changed sign around 

midday (i.e., net emission of COS). Net nighttime uptake of COS, when photosynthesis is halted 

due to the lack of sunlight, is currently understood to reflect the fact that plants do not com-

pletely close stomata in darkness, allowing COS to enter plant leaves where it is then consumed 

by the corresponding light-independent enzyme (Kooijmans et al. 2017). The increase in COS 

uptake during the early morning can then be interpreted as further opening of the stomata 

in order to more effectively take up CO
2
, as is typically observed with terrestrial ecosystems 

(e.g., Spielmann et al. 2019). The subsequent switch in sign (i.e., COS being emitted from the 

urban canopy) reflects net sources in an urban environment.

Plant emissions of COS have only been reported for bryophytes under drying/wetting 

cycles (Gimeno et al. 2017) or vascular plants that received excessive amounts of sulfur fer-

tilizer or were infected by fungi (Bloem et al. 2012). Bryophytes are thought to play a minor 

role in the footprint of the IAO flux measurements, while little is known regarding the sulfur 

metabolism and fungal infections of the vegetation in the footprint. Soils may emit COS, in 

particular when exposed to sunlight (Kitz et al. 2017). The major known anthropogenic COS 

sources that play a role in the footprint of the IAO stem from automobile exhaust emissions 

and the wear of automotive tires (Fried et al. 1992; Lee and Brimblecombe 2016; Zumkehr 

et al. 2018). Compared to working days, hardly any COS fluxes were observed on Sundays 

and public holidays, suggesting that vehicular COS emissions may be the major underlying 

source of the observed midday emission peak. Fried et al. (1992) reported vehicular COS 

emissions of 5.8 × 10−6 gCOS per gCO for gasoline and 2.0 × 10−4 gCOS per gCO for diesel cars. 

For comparison, the weekday COS per CO mass flux ratio measured at the IAO corresponds 

to about 2.8 × 10−4 gCOS per gCO (R2 = 0.45). The correlation between COS and CO fluxes on 

Sundays was very poor (R2 = 0.01) with a net COS flux close to zero. These measurements 

indicate that vehicular exhaust might be a major COS source in urban areas. Using COS as a 

tracer for plant photosynthesis in urban areas therefore requires an accurate characterization 

of these urban emission sources.

Further perspective

The European Alps are home to about 14 million inhabitants. In many parts only about 30% 

of the land is habitable, leading to population densities clustering along valleys that are 

comparable to large metropolitan agglomerations (Onida 2019). In addition, being at the 

crossroads between northern and southern Europe, the Alps have experienced a significant 

increase of goods traffic within the European Common Market, leading to an additional bur-

den of air pollutant emissions. Particular meteorological conditions associated with complex 

orography can impede the dilution of air pollutants, making the region more vulnerable to 

air pollution episodes. Furthermore, the Alps have experienced a warming trend that is about 

twice as fast as the global average (Gobiet et al. 2014), and increased summer temperatures 

in combination with the urban heat island effect is expected to impact the quality of living 

in many parts (e.g., Tan et al. 2009; Sailor 2014). There is concern that climate change could 

further increase the burden of illness and mortality due to conditions more conducive to air 

pollution episodes (e.g., during heat waves).

The greening of cities has been proposed as a measure to mitigate the detrimental effects 

of increasing temperature and urban pollutants. However, while the cooling effect near 

vegetation due to evapotranspiration is well established, biogenic–anthropogenic emission 
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interactions are more complex, and might be particularly prominent in Alpine valleys. Thus, 

understanding the interplay between strong anthropogenic emission sources along urban 

centers in Alpine valleys, significant biogenic emissions on valley slopes, and the valley 

circulation connecting these is a prerequisite to develop appropriate adaptation strategies.

IAO activities aim to provide long-term observations and infrastructure to study air pollu-

tion and climate change and their interaction in an Alpine urban environment. Past intensive 

campaigns focused on a better understanding of gas-phase chemistry precursor emissions 

(e.g., Karl et al. 2017, 2018), and the influence of particular meteorological phenomena (e.g., 

foehn) on the transport of pollutants (Schnitzhofer et al. 2009; Gohm et al. 2009). Future 

plans will include more detailed investigations of the fate of pollutants including sources and 

transformations of aerosols and gases. The rich dataset of meteorological drivers will also 

spark investigations using high-resolution numerical models, capable of simulating disper-

sion mechanisms over complex terrain, and extend an existing Alpine network of turbulence 

observations (Rotach et al. 2017) to an urban site.

From an experimental point of view the IAO offers infrastructure for campaign-based com-

munity experiments providing a critical mass of core chemical and physical measurements. 

A special focus herein lies in the ability to provide eddy covariance observations for a wide 

range of chemical species, allowing the extension of traditional micrometeorological concepts 

to reactive gases and aerosols that participate in atmospheric chemistry. We anticipate that 

the infrastructure provided at the IAO can also help to test new instrumentation for micro-

meteorological applications taking advantage of a well-established flux tower. For long-term 

observations we envision tracking the evolution of important urban air pollutants (e.g., NO
x
, 

CO
2
) by directly measuring their turbulent fluxes into the atmosphere.
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