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Abstract. Carbonyl sulfide (COS) is a useful tracer of gross primary productivity (GPP), but the magnitude and variability of
anthropogenic COS emissions in urban environments remain poorly constrained.

COS fluxes were investigated in Zurich, Switzerland, using tall-tower eddy covariance (EC) measurements as part of the
ICOS Cities project from August 2022 to April 2023. Source-area variability was analysed using the Flux Footprint Prediction
(FFP) model, and compared with biogenic COS fluxes simulated by the Simple Biosphere 4 (SiB4) model.

Zurich acted as a net sink of COS throughout most of the campaign (median -4.4 pmol m~2 s~!). The most vegetated south-
western sector exhibited approximately three times the COS uptake of the south-eastern sector (-6.7 and -2.1 pmol m—2 s,
respectively), while the south-eastern sector exhibited the weakest uptake, consistent with stronger anthropogenic fluxes.
Footprint-weighted land-cover analysis showed that spatial variability in COS exchange reflected the balance between veg-
etation uptake and anthropogenic fluxes, with the latter masking the biospheric signal in densely built sectors. SiB4 reproduced
the seasonal evolution of COS exchange but underestimated the sink following the preceding compound drought event and
during an exceptionally warm winter, highlighting limitations in representing stomatal conductance and urban vegetation.

These results demonstrate both the potential and the challenges of using COS as a tracer of urban GPP. Improved anthro-
pogenic COS emission inventories, ecosystem models, and urban flux observations are needed to improve COS-based estimates

of urban carbon uptake.

1 Introduction

Around 70 % of the anthropogenic greenhouse gas emissions originate from urban areas (Gurney et al., 2022) where approx-
imately 58 % of the global and 82 % of the Western European population lives (United Nations, 2025). Hence, cities matter a

great deal in the efforts to mitigate the effects of and to adapt to climate change. Many cities are working as pioneers to im-
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plement their strategies to reach carbon neutrality. However, observation-based validation approaches for any achieved targets
still require further development.

Currently, the eddy covariance technique (EC) is the only method for studying ecosystem-scale carbon dioxide (COs) ex-
change directly through observations. It has long been established in agricultural and natural ecosystems and has also proven
to be effective in urban areas. However, with a standard EC methodology, only the net ecosystem exchange of CO5 (NEE) can
be measured. Often, this information alone is insufficient for the cities to identify the sectors where the emission reductions
would be the most effective. While change in NEE can indicate overall emission trends, NEE alone is not enough to disentangle
anthropogenic emission reductions from concurrent changes in biogenic CO2 fluxes. Thus, there is a tremendous need for a
measurement-based partitioning of the urban NEE. Various approaches, including statistical approaches based on air tempera-
ture and/or traffic rate (Lee et al., 2021; Kleingeld et al., 2018; Menzer and McFadden, 2017; Song et al., 2013; Matese et al.,
2009); footprint models (Stagakis et al., 2019; Crawford and Christen, 2015); and auxiliary measurements (Stagakis et al.,
2023; Wu et al., 2022; Salgueiro et al., 2020; Peters and McFadden, 2012; Jarvi et al., 2012) have been developed to partition
components from NEE. Each of these methods offers distinct advantages, such as improved accuracy for specific applications,
while also presenting limitations related to simplifying assumptions, dependence on auxiliary data, or computational cost.
In addition, their applicability may be constrained by site characteristics or data availability. These challenges motivate the
development of complementary approaches.

Carbonyl sulfide (COS) is the most abundant sulphur-containing gas in the atmosphere with an approximate atmospheric
concentration of 400 ppt (Montzka et al., 2007). COS fluxes have been established as a tracer for ecosystem-scale photosyn-
thetic CO4 uptake, or gross primary production (GPP) (e.g. Asaf et al., 2013; Kohonen et al., 2022). The potential of COS
to track CO4 uptake is based on the similar pathway to the leaf through the leaf stomata. Unlike CO2, however, COS is not
returned to the atmosphere as a part of the plant respiration, but destroyed at the surface of the chloroplast (Wohlfahrt et al.,
2012). Thus, if the leaf-related uptake of COS and COs can be parameterised, a GPP estimate can be obtained from COS fluxes
(Asaf et al., 2013). In urban areas, this methodology has the potential to help partition the biogenic and anthropogenic compo-
nents of the measured NEE. The viability of the method has been partly proven in a user-friendly semi-urban environment with
a high vegetated cover fraction (Soininen et al., 2025a) but the absence of anthropogenic emissions as a prerequisite for the
method (Blonquist et al., 2011) has been shown to not always hold in human-influenced areas (Zanchetta et al., 2023; Estruch
et al., 2023; Karl et al., 2020). Recent studies have shown COS sources associated with heat stress in vegetation based on eddy
covariance measurements (Thomas et al. , 2026; Commane et al., 2015), gas exchange chamber studies (Sun et al. , 2023),
controlled laboratory experiments (Spielmann et al., 2025), and leaf-level measurements demonstrating COS emissions from
sunflower leaves (Cho et al., 2026). This may potentially limit applicability of the method during periods of vegetation stress.

Anthropogenic activities are the largest source of atmospheric COS alongside the oceans (Whelan et al., 2018). Zumkehr
et al. (2018a) compiled a global inventory of anthropogenic COS emissions from a range of industrial activities, although the
individual source estimates remain uncertain. Consequently, the inventory has been shown to have limitations at finer spatial
scales: Zanchetta et al. (2023) identified emission sources missing from the inventory, whereas Belviso et al. (2023) reported

overestimations of anthropogenic COS emissions in Europe. In urban areas, tire wear has been identified as a potentially
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important source of COS emissions (Karl et al., 2020), as elevated temperatures enhance the thermal decomposition of sulfur-
containing compounds in tires, releasing COS (Pos and Berresheim, 1993).

This study quantifies the magnitude of urban COS fluxes and explores the spatio-temporal variations of the COS sinks and
sources in Zurich, Switzerland. The observed COS fluxes are compared with fluxes modelled by the land surface model Simple
Biosphere Model version 4 (SiB4) to identify deviations from the expected biogenic fluxes that may indicate anthropogenic
influences in an urban area. The source areas of the observed fluxes are analysed using a flux footprint model to investigate
the role of land cover in shaping the measured COS exchange. This work improves the understanding of the opportunities and
limitations of using COS as a tracer of GPP in urban environments and provides new constraints on the magnitude and spatial

variability of anthropogenic influences on urban COS fluxes.

2 Material and methods
2.1 Site description

Zurich is the largest city of Switzerland with a population of 1.6 million in the metropolitan area and a population density of
4787 inhabitants per km? in the urban area. The city is located in the Limmat Valley, which slopes gently towards North-West
from Lake Zurich. The valley is bordered by the Albis hills, which rise to 850 meters in the southwest, and a hill range that
reaches 600 meters in the northeast. Figure 1 shows the land cover of the city and its immediate surroundings, where the
valley-limiting hill ranges are seen as forest areas. The vegetation land cover classes of the map were obtained from the data
set by Li et al. (2026), and the other land covers were obtained from a data set by canton of Zurich (Kanton Ziirich, 2017).
Missing values in the former data set were filled using the latter data set. Of the 12x12 km? study area, 35.0 % was covered
by trees (deciduous 21.8 %, evergreen 2.9 %, and mixed forest 10.3 %), 33.2 % by lower vegetation (grassland 26.8 % and
cropland 6.4 %), 16.2 % by impervious surfaces (paved 8.9 %, roads 4.9 %, other roads 1.1 %, and rail tracks 1.3 %), 9.5 %
by buildings (including 0.9 % industrial buildings), and 5.9 % by water. The remaining 0.2 % was covered by soil and rocks
or the surface type was unknown. In 2022 there were 747 000 cars in the canton of Zurich, of which 33.8 % were powered
by petrol, 20.6 % by electricity, 11.8 % by diesel and 33.8 % were hybrids (Strassenverkehrsamt des Kantons Ziirich, 2025).
The Swiss railway network was fully electrified already in early 1960’s (Moreau, 1960). In terms of primary energy use, land
transport accounted for 12.8 % of the total energy demand while air transport, through the combustion of kerosene, accounted
for 9.8 % (Stadt Ziirich, 2025a). Heat supply of both buildings and industry made up 34.3 % of total energy use, with major
contributions from natural gas (14.7 %) and heating oil (8.1 %), complemented by sources like district heating (4.5 %), bio
gas (4.2 %) and wood (1.9 %) (Stadt Ziirich, 2025a). Electricity was the largest energy carrier (43.1 % of primary energy use;
Stadt Ziirich, 2025a), more than half of which was obtained via trading (52 %), with the remainder generated from hydropower
(21 %), other renewables (2 %), and nuclear power (25 %) (Stadt Ziirich, 2025b).

The EC system was installed on a 16.5 m high mast at the top of the Hardau II tower (47.38145° N, 8.51002° E, 111.8 m
agl; 520 m asl) located in a residential area in the Western part of the city centre (Figure 1). For this study, four different sectors

based on land cover and data availability were examined: North-Eastern (NE; 0°-60°), South-Eastern (SE; 120°-200°), South-
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Figure 1. The land cover map around the city of Zurich (Kanton Ziirich, 2017). The eddy covariance (EC) system is located at the origin
of the map. The percentages denote the contribution of the area to the measured fluxes according to the FFP footprint model (Kljun et al.,

2015). The average contribution of each land cover to half-hourly fluxes is indicated in the colour bar label.

Western (SW; 200°-260°), and North-Western (NW; 260°-360°). The 60°-120° sector was excluded because of the orientation
of EC setup. To the North is a large railway yard that runs through the city from the East to the North-West of the tower. Even
further North are industrial buildings and office spaces up to a distance of 1.5 km before the Limmat river. The South-East
area, towards the city centre and the lake, is densely built with residential apartment blocks and is characterized by a higher
fraction of surfaces impermeable for water. Directly to the South there is a large cemetery, and to the South-West there is a high
fraction of green areas including sports fields, city parks, and private yards. Buildings are mostly residential apartment blocks

with open courtyards. In the West there are: a big sport stadium, apartment buildings and some larger industrial buildings.
2.2 EC measurement setup

As a part of the ICOS Cities project (ICOS), an EC measurement campaign of COS was conducted on a tall tower in Zurich,
Switzerland. Fluxes of COS, CO,, CO, and water vapour were measured from 15 August 2022 until 21 April 2023. An
ultrasonic anemometer (IRGASON, Campbell Scientific Inc., Logan, UT, US) was mounted together with an unheated inlet
tubing of an Aerodyne quantum-cascade laser analyser (AD-QCL; Aerodyne Research Inc, Billerica, MA, USA) 16.5 m above
the rooftop. Also, IRGASON measured CO4 and water vapour but those were not used in the analysis. The IRGASON azimuth
angle was 270°. The wind directions from 60 to 120° were excluded from the analysis due to the wake effect of the EC tower,

which obstructs and distorts wind measurements in that sector. The tubing lead to an air-conditioned space and consisted of
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a 3342 m long section with an inner diameter of 5.7 mm and a 4 m section with an inner diameter of 4 mm. The latter part
had two Acro 50 filters (Pall, Port Washington, NY, USA) to prevent impurities from entering the sample cell of the AD-QCL.
Sample air was pumped to the instrument with a constant flow rate of 7.5 1/min using a TriScroll600 pump (Agilent, Santa
Clara, CA, USA). A constant pressure of 2.67 kPa (20 Torr) was maintained in the sample cell with an integrated pressure
valve. An external cooler was required to operate the AD-QCL, for which a SMC ThermoCon HECR cooling unit (SMC corp.,
Sotokanda, Chiyoda-ku, Japan) was used.

The IRGASON collected data with 20 Hz frequency, whereas the AD-QCL measured with 10 Hz frequency. To ensure
the same temporal resolution and time stamps between datasets, IRGASON data were downsampled to 10 Hz by removing
every second anemometer observation after aligning the time stamps with AD-QCL. To minimize drift associated with the AD-
QCL instrumentation, a background absorption spectrum was measured with high-purity nitrogen gas (Nitrogen 6.0, Linde,
Dagmersellen, Switzerland) and removed from the observed spectra. The background removal was first installed on 17 October
2022, but due to a leak in the system was properly operating only from 8 November 2022 onwards. The sample cell was flushed

with nitrogen every four hours for 25 seconds, after which the background spectrum was measured for 10 seconds.
2.3 Auxiliary measurements

Additional meteorological variables from the Kaserne station (47.37759° N, 8.53041° E, 409 m asl) of the Swiss National
Air Pollution Monitoring Network (NABEL), located at a courtyard at a distance of about 1.5 km from the Hardau II station
were used in this study (Stagakis et al., 2025). An hourly aggregated data set by Stagakis et al. (2024) was used to study the
environmental conditions over the measurement period. Kaserne station observations were used because they were considered
to be more representative of the ground surface conditions, which the urban vegetation experiences, compared to Hardau II
tall tower observations. Important parameters for this work included: air temperature (7,;., °C, measurement height 2 m;
instrument: HC2A-S3, Rotronic, Bassersdorf, Switzerland), relative humidity (RH, %, 2 m; Thygan VTP 6 OR HC2A-S3),
and precipitation (PREC, mm, 2 m; Pluvio?, OTT Messtechnik, Kampten, Germany). Vapour pressure deficit of air (VPD, kPa,
2 m) was calculated using 7;;,- and RH. In addition to Kaserne measurements, soil temperature (7%,;;, °C, -0.15 m; TEROS
12, Meter group, Pullman, USA) and volumetric soil water content (SWC, m3 m~3, -0.15 m; TEROS 12) were measured in
seven parks in the vicinity of Hardau II (Stagakis et al., 2025, 2024). To frame the temperature conditions of the measurement
period, Ty, data from Kaserne station were obtained for years 2000-2020 from the Swiss National Air Pollution Monitoring

Network (Hiiglin et al., 2024).
2.4 Eddy covariance flux processing

EC fluxes (F7***®, mol m~2 s~1) were calculated as the covariance between fluctuations in the vertical wind component (w, m
s~ 1) and molar fractions of each relevant substance (s, ppm/ppt). As part of the standard EC raw data processing (Sabbatini
etal., 2018; Aubinet et al., 2012), the measured time series were despiked and linearly detrended; a two-dimensional coordinate
rotation was subsequently applied. To account for the time lag between instruments, the covariance was maximised within a

pre-assigned time window for each 30-min averaging period. For COS, the time lag obtained for CO5 was used to account for
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the low signal to noise ratio of COS measurements (Kohonen et al., 2020). The calculated fluxes were corrected for spectral
losses in high frequencies by the instrumentation (Mammarella et al. , 2009) again so that COS correction was taken from COs
due to spectral anomaly (see Fig. Al). The anomaly means, in practice, that COS measurement was dominated by noise in
high frequencies due to lack of instrumental precision (Gerdel et al. , 2017; Kohonen et al., 2020).

The total flux (F;Ot, mol m—2s1; Eq. 1) above a homogeneous surface consists of F;***® and the accumulated concentra-

tion under the measurement height, or the storage change flux (Fssw, mol m—2 s~1; Aubinet et al., 2012).
F;ot — F;neas _|_Fssto (1)

To assess the storage change flux accurately, a vertical profile of the wanted concentration should be measured as accurately as
possible. In the absence of additional measurement points below the EC setup, F;, was estimated by converting the one-point
measured molar fraction into true concentration and approximating the vertical rate of change of concentration as in Eq. 2.

FstoNiAXS(hec)

N RE T Ar e @

In the equation, P is the atmospheric pressure in Pa at the measurement height, R = 8.314463 J K~ mol~! is the universal
gas constant, 7" is the air temperature in K, and h.. is the measurement height in m. A¢ indicates the time over which the
concentration change at the measurement height (Ax;(he.)) was observed. The rate of change of molar fraction at the mea-
surement height was estimated using a 5-hour running mean of at least four available data points with 30 minute steps to reduce
impact of random noise in the COS measurement by the instrumentation (Kooijmans et al., 2017). To keep the methodology
systematic, the same was applied for other gases too. The methodology has been used earlier in more conventional height
towers (e.g. Kooijmans et al., 2019; Kohonen et al., 2020) but its suitability for a low concentration trace gas on a tall tower
measurement has not been assessed. An additional downside of the methodology is its dependency on accurate molar fraction
measurements, which were only available from November onwards. Thus, before November only F,.,s data are available.
Moreover, xcos had to be additionally filtered because a systematic drift during several background-removal periods was ob-
served. Since (i) the drift could not be corrected in a reproducible way for all periods and (ii) background data are not available
for the entire time series, we use the directly measured COS flux, F35§°, in parts of the analysis instead of the total COS flux,

The flux quality was screened using flux stationarity (FS; Foken and Wichura, 1996) and intermittency (FI; Mahrt et al.,
1998), and the individual measurements were quality screened by the kurtosis (Ku) and skewness (Sk) of the half-hourly
distribution of observation. A three step flagging system was used, where the best flag (0) was given for periods during which
FS< 0.6, FI< 1, 1 <Ku< 8, and ISkl< 1. Flag 1 was assigned with criteria FS< 1, ISkl< 2 and 2 <Ku< 5. Flag 2 was assigned
to all other data, and additionally for missing data. Masking effect of the tower was taken into account by assigning flag 2 when
the half-hourly mean wind direction was between 60°-120°. A potential complication for the EC measurements was from a
30 m tall chimney located 150 m to the South-East (140°), which was burning natural gas for residential heating. To account
for this, an additional flag 3 was assigned for the times when the chimney was operational, the mean wind direction was

between 120-200°, and the flux quality was otherwise assigned a flag of O or 1. Chimney operation data were available for 5
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minute periods, and the flag was assigned if the chimney emitted during any sub-period within a given half hour. Filtering of the
chimney emissions was justified by the interest to urban functions beyond the emissions and, on the other hand, by the chimney
plume distorting the actual footprint of the measurements. Table 1 shows the percentages of the different flags separately for
Flot and F™¢a% The amounts of available storage corrected fluxes were notably lower due to the largely missing credible
concentration data. Flux distribution with different quality flags is shown on the Fig. A2. As the distributions of F{§9* and
FES*® were positively skewed (Fig. A2 (d) and (f)), medians are reported throughout the study because they are less sensitive
to extreme values than means. Monthly statistics were calculated only for sector-month combinations with at least 30 valid

observations.

Table 1. Percentages of the data flags assigned to measured fluxes (F:™“**) and the storage corrected fluxes (F°") during the measurement
campaign. Flag 0 indicates the best quality (flux stationarity < 0.6; flux intermittency< 1; 1 <kurtosis< 8; and |skewness| < 1), flag 1 is the

same but with higher threshold for flux stationarity (1.0). Missing data are assigned flag 2, and flag 3 indicates emissions from a close-by

chimney.
Flag | FESS®  Foos | FES,°  F&o, | FE&™  F&S
0 36.3 20.5 39.3 22.1 352 20.1
1 14.0 7.7 12.9 7.6 139 7.6
2 429 66.6 41.8 65.7 448 677
3 6.7 52 6.0 4.6 6.0 4.6

2.5 Footprint analysis

The source areas of the observed fluxes were studied using a FFP footprint model (Kljun et al., 2015) run for Zurich EC tower
by Molinier et al. (2026). A footprint is calculated for each 30-min EC flux period, describing the contribution of the area to the
measured fluxes represented as a spatial weighting function (m~2) at 10x10 m? resolution. The footprints were filtered using
the associated boundary layer height flag. To estimate the contribution of different land cover types to the observed fluxes,
the footprint estimates were combined with a land cover map aggregated from several datasets covering the municipality
of Zurich and its surroundings with 1x1 m? resolution (Kanton Ziirich, 2017). The land cover map was aggregated to the
footprint resolution, and separate fractional cover layers were created for each land cover class. These fractional land cover
layers were multiplied element-wise by the footprint weights. The resulting weighted maps were spatially summed for each
land cover class and normalized by the sum across all classes to obtain the fractional contribution (p) of each land cover
type to each half-hourly flux observation. Mean footprint-weighted contributions of the different land covers, derived from the
FFP footprint climatology over the measurement period, are shown in Fig. 1. For each land cover class, both the footprint-
weighted contribution and the corresponding areal fraction within a 2.9 km radius were calculated to distinguish the effective
contribution to the measured flux from the spatial coverage of the land cover. Radii between 500 m—8.4 km were evaluated,

and a radius of 2.9 km was selected because it minimised the mean squared error between the footprint-weighted contributions
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and the corresponding areal fractions across all land cover classes in the full-footprint case. Therefore, it was considered the
best approximation of the climatological footprint extent.

To study the impact of the land cover and their related activities on the observed fluxes, the correlation between the half-
hourly observed fluxes was compared with the simultaneous impact of the FPP-weighted land cover. The datasets were com-

pared by assessing the linear correlation with Pearson’s correlation coefficient between each flux and land cover.

cov(p, F) . 3)

RP,FS =
OpOF,

In Eq. 3 the numerator is the covariance between the observed flux F; and the flux contribution p and the denominator is
the product of their standard deviations. Positive correlations indicate higher fluxes originating from the land cover class in

question and vice versa.
2.6 SiB4 modelling and flux partitioning

In this study, biogenic COS and CO, fluxes were simulated using the land surface model Simple Biosphere Model version 4
(SiB4; Haynes et al. (2019)). SiB4 simulates coupled exchanges of water, energy, and carbon at regional to global scales. Berry
et al. (2013) introduced a parameterisation of leaf-level conductances and proposed a COS flux estimation module, which has
since been integrated into SiB4, enabling concurrent simulation of CO5 and COS exchange at the leaf scale.

SiB4 was run at a spatial resolution of 0.5° and a temporal resolution of 3 hours. To ensure equilibrium of carbon and
sulphur pools, the model was spun up using five consecutive iterations over the period 2000-2020. The main simulation period
covered 2020-2024. For comparison with observations, SiB4 output from the grid cell spanning 47.0-47.5° N and 8.5-9.0° E
was extracted, and only the period overlapping with the EC observations (15 August 2022 to 30 April 2023) was used in the
analysis.

Atmospheric COS mole fractions used as boundary conditions for SiB4 were derived from optimized COS fields obtained
using the TM5 4D-Var inversion framework (Kooijmans et al., 2021). These COS mole fractions were averaged over the period
2016-2018 and provided at a temporal resolution of three hours. More recent global COS boundary condition datasets are not
currently available; therefore, the 2016-2018 climatology was used as the best available estimate. A constant atmospheric CO2
mole fraction of 370 ymol mol~! was prescribed. This corresponds to the default atmospheric CO, mole fraction used in SiB4
and is lower than the atmospheric CO5 concentrations during the study period, representing a potential source of uncertainty
in the simulations. Meteorological forcing data were obtained from the Modern-Era Retrospective Analysis for Research and
Application, version 2 (MERRA-2) reanalysis dataset (Gelaro et al. , 2017).

Plant functional type (PFT) information embedded within SiB4 was used without further modification. The PFT composition
of the grid cell covering the study area consisted of Cg grass (32 %), deciduous broadleaf forest (26 %), evergreen needleleaf
forest (14 %), desert and bare ground (12 %), Cs crops (11 %), and winter wheat (5 %). This composition is broadly consistent
with the land cover characteristics of the wider study area, which is dominated by vegetated surfaces and forest. However,

the SiB4 grid-cell PFT fractions do not explicitly represent the heterogeneous urban land cover (e.g., impervious surfaces,
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buildings, and water bodies) present within the EC footprint. Differences between the model PFT composition and the actual
footprint-weighted surface composition may therefore contribute to uncertainty in the simulated fluxes.

Vegetation COS fluxes were simulated following the standard SiB4 framework, with recent updates to parameterisations
of COS uptake. The temperature dependence of internal leaf conductance for COS was implemented using the formulation
proposed by Cho et al. (2023). In addition, Ball-Woodrow-Berry stomatal conductance parameters for evergreen needle-leaf
forest and deciduous broadleaf forest PFTs were updated according to Cho et al. (2023). Soil COS fluxes were calculated using
the mechanistic soil model developed by Ogée et al. (2016), as implemented in SiB4 (Kooijmans et al., 2021).

To match the observations with the three-hour temporal resolution of SiB4, observations with quality flags 0 and 1 from the
three-hour period were averaged, if at least four observations were available. Measured fluxes were compared with the SiB4
grid-cell flux, calculated as the PFT-fraction-weighted mean of the simulated fluxes. The differences between the observed
fluxes and SiB4 modelled fluxes of COS and CO, (AF,, mol m—2 s~1) were considered as the unidentified component of the

flux as in Eq. 4.
AES _ Fvsm,eas _ FsSiB4. (4)

By convention, a sink of substance s is negative. Thus, a positive A F} indicates that either (a) SiB4 overestimates the sink, (b)
F"%¢ includes additional sources (biogenic or anthropogenic), or (c) the footprint of the half-hourly measurement contains
less vegetation (and therefore a smaller expected vegetation sink) than SiB4 model domain. Conversely, a negative AF indi-
cates that the observed sink is larger than that modelled by SiB4. To avoid biases due to both data gaps and wind directionality,
daily mean values were used to calculate A F. The daily means were calculated only when at least 4 and 10 observations were
available for F¢%* and F51B4, respectively, reflecting their different temporal resolutions.

To enable comparison of the magnitude of AF}, independent estimates of both COS and COs anthropogenic emissions
(F2, mol m~2 s—1) were derived. Values of enhancement factors from earlier research were used. Here, the enhancement
factor refers to the ratio of anthropogenic COS and CO, enhancements above background concentrations. To estimate F&qg
(pmol m~2 s~1), an enhancement factor of COS/CO, by Baartman et al. (2022) (0.4 ppt ppm ') was multiplied with FEss®.
They estimated the factor from samples measured at a highway tunnel and, thus, F¢og from Eq. 5 contains only an estimate

of traffic emissions.

Fos = 0422 Fgiss”. )
F¢o, (umol m~2 s 1) was estimated using molar ratios of CO/CO, (Xlélg%lg‘z‘) derived from emission inventories in Zurich
(Hilland et al., 2025, Table 4). The molar ratios were provided separately both for the four main sectors (NE, SE, SW, NW)
around Hardau II and for road transport and stationary combustion. In this study, it was assumed that the amount of road
transport is relative to the flux contribution coming from roads, paved and other roads combined (p,+), and that of stationary
combustion relative to the flux contribution of industry and buildings together (ps.). Thus, each half-hourly period had a unique

molar ratio from where F&,, was obtained by multiplying an inverse of the weighted mean of the molar ratios with the CO
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flux (Eq. 6).

" —1
u pscXécO/COg +thXTCO/COz tot
Féo, = Fco- ©
Dse + DPrt

2.7 Global COS emission database

The COS fluxes were compared against a global gridded anthropogenic COS emission database by Zumkehr et al. (2018a).
The data set has a resolution of 0.1° x 0.1°, which means that the FFP model domain of Zurich (Fig. 1) covered areas
across four grids between 8.4°-8.6° E and 47.3°-47.5° N. For those grids, the available sources in the data set were tire wear,
viscose (rayon) production, products of agricultural chemistry, paper and pulp production, and industrial solvents. The sources
estimated with equations 5 and 6 were compared with an arithmetic mean of the four available grids. The anthropogenic COS

emission estimate for Zurich for the most recent year (2012) available in the data set is shown in Fig. 8 (a).

3 Results
3.1 Environmental conditions

An overview of the daily environmental conditions during the measurement campaign is shown in Fig. 2 and Table Al. Figure
2 (a) displays the observed temperature (7;,) compared to the longer term (2000-2020; T 4ir)) mean temperature. The average
temperature was 9.6 °C with the hourly aggregated extremes being -6.0 °C and 30.3 °C on 13 December 2022 and 16 August
2022, respectively. The warmest and longest period above the long-term mean temperature was between 20 December 2022
until 16 January 2023, with a maximum difference of 8.5 °C above average on 1 January 2023. The longest time below the
long-term average was observed between 16 September and 1 October 2022 whereas the largest negative difference appeared
on the last day of the campaign (-8.4°C on 21 April 2023). 6.1 % of the observed temperatures were below 0 °C. At the time
with the lowest measured temperatures the city experienced a short-term snow cover. The temperatures increased up to 19.8
°C in the spring. Vapour pressure deficit (VPD) (Fig. 2 (b)) was on average 0.35 kPa, with maximum being 3.1 kPa coinciding
with the highest temperature at the beginning of the measurement period. The measurements were conducted mostly during a
relatively humid period with 79.7 % of the observations showing VPD lower than 0.5 kPa.

The measurement period was preceded by a long warm and dry period (Fig. 2 (c)). The hottest and driest weather of the
measurement period was recorded already on the second day of the campaign, after which the heaviest hourly rainfall on 17
August 2022 (19.3 mm between 21-22 UTC) started to restore the soil moisture from the minimum SWC of 0.18 m®> m—3
towards the saturated winter values (0.3240.02 m® m—3). The heaviest daily rainfall took place on the 28 September 2022 (33
mm d~1), and the longest period without precipitation was between 6-18 February 2023. The soil temperature (not shown)

roughly followed the air temperature, with a minimum temperature of 2.3 °C and a maximum of 27.0 °C.

10
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Figure 2. Daily meteorological conditions during the measurement campaign: (a) Air temperature, (b) vapour pressure deficit, and (c) soil
water content and precipitation sum. In (a) and (b) the blue line shows the daily mean and the blue shading shows the extreme daily values.
In panel (a) a mean temperature and interquartile range (i.e. from 25th percentile to 75th percentile) of the daily observations between years
2000-2020 are shown for comparison with long-term conditions. The yellow shading shows the compound event observed by Scapucci et al.

(2024), and the longer, red shading shows the duration of the measurement campaign.

3.2 Diurnal fluxes

Figure 3 shows the diurnal cycles of the measured COS, CO-, and CO fluxes (flag 0) for each month. Note that August and April
are not full months but consist of 16 and 20 full days, respectively. The measured COS fluxes (Fig. 3 (a)) exhibit substantial
day-to-day variability, reflected by the wide interquartile ranges, and no clear seasonal evolution is readily apparent from
visual inspection. August differs from the other months by exhibiting predominantly positive daytime COS fluxes, whereas the
remaining months show fluxes fluctuating around zero with a weak net uptake. The measured CO, fluxes (Fig. 3 (b)) show the
typical urban diurnal cycle, with the bimodal pattern becoming more pronounced once storage-corrected fluxes are available.
The measured CO fluxes remain positive with a pronounced morning peak.

The measured COS and CO, fluxes were compared with SiB4 modelling. SiB4 modelled only biogenic fluxes and showed
a steady COS sink with a distinguishable diurnal profile over the measurement period (Fig. 3 (a)). The maximum hourly sink

of -25.6 pmol m~2 s~}

was modelled in August. The model estimated the biogenic COS flux to steadily diminish almost
completely by mid-December and recover from February onward (Fig. 3). For CO4 the shape of the diurnal profiles resembled
those of COS with an offset due to the modelled respiration (Fig. 3 (b)). The maximum hourly median sink of COy was
modelled for August (-6.1 umol m~2 s~1), diminishing towards the end of winter. The biosphere was modelled to be a constant

source of COy from November until February, and a net emitter also in October and March.

11
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Figure 3. Median diurnal fluxes with the respective interquartile ranges (IQR) for each month and gas. (a) COS, (b) CO2, and (c) CO. Only
quality flag O fluxes are shown. The measured fluxes without storage correction are shown with solid coloured lines, storage corrected fluxes
with dashed grey lines, and SiB4 modelling with black solid lines. IQR is indicated with the coloured area around the lines. Only hours with

at least 5 data points are plotted.

As storage corrections were not available for the whole measurement period, only F7*¢*® is shown for the times without the
correction. Of the estimated storage fluxes, 90 % were found within range -13.6-15.0 pmol m~2 57!, -10.2-9.6 pmol m~2 s~ 1,
and -22.0-20.3 nmol m~2 s~ ! for COS, CO, and CO, respectively. The relative contribution of the storage flux was, on median,
27 % of the total corrected COS flux and was highest in the afternoon, when the total flux magnitude was close to zero (Fig.
A3 (a)). For COq, the storage flux accounted for a median of 12 % of the total corrected flux. Storage corrected CO fluxes
saw a change to more pronounced two-peaked shape (Fig. A3 (b)). No changes in the flux magnitudes related to the beginning
of the nitrogen gas flushing of the sample cell of AD-QCL were observed.

The chimney emitting natural gas combustion products was active fully or partly during 5845 half-hourly periods, of which
807, 718, and 721 coincided with the chosen wind directions (120-200°) as well as good quality (flags 0 and 1) FZ§58°,
FESs®, and FEs*®, respectively. Figure A4 shows the influence of combustion on the fluxes. For F(57° and Fg§*® the
impact of chimney emissions was most evident at 10 UTC, when the differences to good quality (flags 0 and 1) fluxes were

1 was

22.2 pmol m~2 s™! and 66.2 nmol m~2 s~!, respectively. For FZi$¢* the maximum difference of 8.4 pmol m~2 s~
observed at 14 UTC.
All the observed monthly median flux values are shown in Table A2. F553° showed that the footprint area was a COS sink

during 66.6 % of the measurement period with monthly median fluxes ranging from -5.9 to -3.6 pmol m~2 s~ 1. In August, the

12
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fluxes indicated that the footprint area was actually a net source of COS, with a median magnitude of 4.6 pmol m~2 s~! with
individual hourly median values reaching a maximum of 20 pmol m~2 s~! (Fig. 3 (a)). The largest COS sinks were observed
in March and April (-5.6 and -5.9 pmol m~2 s~!, respectively). The signal was characterised by a relatively constant level
and a notable amount of noise with no observable diurnal pattern. The observed CO, fluxes showed that the footprint area in
Zurich was a near constant source over the whole measurement period (median F¢i§e® 7.1 pmol m~2 s~1), with only 3.0 % of

CGy " being negative. The months with the storage corrected fluxes showed a shape characteristic for urban areas with peaks
in morning and afternoon rush hours. The highest monthly median flux of 9.1 umol m~2 s~! was observed in February and
the lowest in September (5.5 umol m~2 s~!). The measured CO fluxes resembled those of CO,: The footprint area of Hardau
II EC setup was a constant emitter of CO (3.6 % of F{$® negative). The highest monthly median F{(5%® were observed in

November and February (35 and 34 nmol m—2 s—!, respectively) and the lowest in March (24 nmol m~2 s~ 1),
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Figure 4. Diurnally observed fluxes separated by wind direction. (a)-(e) FGos°, (H)-() F 6‘32, (k)-(0) FEZ. Panels (a), (f), and (k) show the
full footprint; (b), (g), and (1) North-Eastern sector; (c), (h), and (m) South-Eastern sector; (d), (i), (n) South-Western sector; and (e), (j), and
(0) North-Western sector. Only hours with 5 or more observations are shown. As F°* had notable gaps for CO2 and CO in South-Eastern
sector, F™** were plotted additionally with dashed gray line in panels (h) and (m), where the lower N refers to the number of F°* and the

higher to the F{"°*®. An outlying value in panel (m) has been omitted (see text).

The observed fluxes were dependent on the wind direction, and clear differences were observed between three sectors around
Hardau II (see Fig. 4). The SW sector was a sink of COS most of the time (82.5 %) unlike the other sectors (56.9 %, 56.8 %
and 60.9 % in SE, SW, and NW, respectively). In Table 2, weighted quantiles are used to account for uneven sampling of
wind directions across different temporal scales. F{¢53° showed the strongest uptake in the SW sector, which also exhibited
the narrowest distribution among the three sectors (IQR: -13.3 to -2.5 pmol m~2 s~!). The strongest hourly sink of COS was

also observed in the SW sector (-9.6 pmol m~2 s~! at 9 UTC), whereas the NE and SE sectors had the strongest COS sources
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(5.5 pmol m~2 s! at 12 and 14 UTC, respectively). SE sector had the lowest median sink of COS (-2.1 pmol m~2 s~1).

Fé‘g2 showed sectoral differences, with lowest median and hourly peak values in SW (5.3 and 8.0 umol m~2 s~ !, respectively)

and highest in SE (13.5 and 49.0 pmol m~2 s™!, respectively). Ft% fluxes showed lowest median values in the SW sector

(18.4 nmol m~2 s~ 1), the SE had the highest medians (45.4 nmol m~2 s~1), and the NE and NW sectors had similar values

1

with the medians 32.1 and 33.1 nmol m~2 s, respectively. Moreover, the peak values were notably higher in the SE sector,

where an outlying median peak value of F25 (203.6 nmol m~2 s~1) was observed at 10 UTC.

Table 2. Medians (and interquartile ranges) of the observed fluxes separated by the wind direction. Values are derived as temporally weighted
quantiles to reduce biases associated with uneven sampling of wind directions across the diurnal and seasonal cycles. Only data marked with
quality flag O were taken into account.
FEss’ FE, P&
Sector | (pmol m 25 (pumol m 257 | (nmolm™2s7 Y
All (0-360°) | -4.2(-10.7-4.6) 7.2 (4.0-13.2) 28.2 (10.8-54.3)
NE (0-60°) | -3.1(-10.4-8.0) 9.5 (4.1-16.8) 32.1 (13.0-59.1)
SE (120-200°) -2.1(-8.6-6.4) 13.5 (8.2-30.7) | 45.4 (15.7-88.2)
SW (200-260°) | -6.9 (-13.3—2.5) 5.3(3.4-7.8) 18.4 (7.9-33.5)
NW (260-360°) -3.0 (-9.8-5.5) 9.6 (5.5-16.0) 33.1 (14.2-60.7)

The four sectors differed also in their monthly median fluxes (Fig. AS). During most months, SW sector exhibited the most
negative FUi54°, reaching -9.4 pmol m~2 s~! in April and remaining below other sectors throughout the measurement period.
In contrast, NE and NW sectors showed similar seasonal variability with less negative F55¢° than SW sector. The SE sector
differed from the others with positive fluxes in September and February, whereas the remaining sectors showed a COS sink
during these months. In August, all sectors showed positive F75g°, except for SW (6.1, 4.3, and 3.2 pmol m~—2 s~ for SE,
NW, and NE, respectively). The median COS flux for the full footprint followed the overall seasonal pattern of the individual

sectors, varying from 4.3 pmol m~2 s~! in August to between -5.2 pmol m~2 s~ and -2.7 pmol m~2 s~! during the remaining

months. Similar trends apply also for both Fé‘gz and FZ, with the SW sector having the lowest median fluxes during every

month and SE sector showing the strongest sources, when there has been enough data to estimate the median.
3.3 Footprints and source area contributions

Based on the FFP, the majority of the flux contribution came from the NE and SW directions with regards to the Hardau II tower
(Fig. 1). Approximately 50 % of the flux contribution came fully from the built-up city area, although this estimate should be
interpreted with caution because the model does not account for the surrounding valley topography. Estimating from the FFP
climatology, the largest contributions to the observed fluxes originated from paved surfaces (20.7 % of the flux contribution),
grassland (19.5 %), and buildings (16.9 %). The contributions varied not only with wind direction but also diurnally as the
footprint extended further at night-time. The distance from the tower to the peak FFP value varied from the midday minimum

of 400 m to the maximum of 600 m at night (Fig. A6). The contribution from land cover classes located mainly further from
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the tower, such as deciduous trees, followed the diurnal pattern of the maximum, whereas the contribution from paved surfaces
in the city area were inversely proportional to the distance of the FFP maximum.

Table A3 compares the FFP footprint-weighted contributions of different land cover classes with their corresponding area
fractions within a 2.9 km radius of the Hardau II tower for the full footprint and each wind sector. In all sectors combined,
the largest discrepancy was in the contribution by buildings, which covered 17.7 % of the surface but accounted for 14.4 %
of the footprint-weighted contribution. The opposite pattern was observed for rail tracks, which covered 4.1 % of the area
but accounted for 6.2 % of the footprint-weighted contribution. After grouping the land cover classes into three categories by
summing their contributions (vegetation: grassland, cropland, deciduous, evergreen, and mixed forests; impervious: paved sur-
faces, roads, rail tracks, and other roads; and built: buildings and industry), a clear sectoral pattern emerged. Vegetated surfaces
covered a larger proportion of the study area than their footprint-weighted contribution indicated, whereas built and impervious
surfaces contributed disproportionately relative to their areal coverage. The contrast was most pronounced in NE sector, where
the footprint-weighted contribution of vegetated surfaces was 24.2 percentage points lower than their areal fraction (31.0 % vs.
54.2 %), whereas the contribution of impervious surfaces was 20.0 percentage points higher (47.2 % vs. 27.2 %). The overrep-
resentation was driven primarily by rail tracks (15.2 % vs. 4.1 %), paved surfaces (21.6 % vs. 14.2 %), and industry (4.4 % vs.
2.1 %). The SW sector was dominated by vegetated surfaces, which together accounted for 68.5 % of the footprint-weighted
contribution. Grassland (30.2 %) and deciduous forest (22.8 %) were the largest individual contributors. Among all sectors,
the SW sector also had the lowest contributions from impervious and built surfaces, accounting for 18.3 % and 13.0 % of the
footprint-weighted contribution, respectively. The largest contribution of built surfaces was observed in the SE sector (21.1 %,
including 1.2 % from industry), whereas the largest contribution of impervious surfaces occurred in the NE sector. Compared
with the other sectors, the NW sector showed a more balanced land cover composition, with footprint-weighted contributions
broadly reflecting the corresponding areal fractions.

A correlation matrix (Fig. 5) was obtained by analysing the FFP output together with the measured fluxes. Given the hetero-
geneous nature of the urban footprint, the correlation analysis is interpreted as reflecting relative differences. The correlations
were generally weak, consistent with the complexity of the urban footprint, and are therefore interpreted as indicative rather
than conclusive. The results were arranged according to the sign and magnitude of the correlations, with positive correlations
shown toward the top of the matrix and negative correlations toward the bottom. The vegetated surfaces were associated with
lower fluxes and the human-made surfaces and water were associated with higher fluxes. Fg& had the strongest correlations
with the land cover in the flux footprint area. The correlations were strongest, in absolute terms, with grassland (R =-0.34) and
roads (R =0.34). For F% the strongest correlation was also found with roads (R = 0.23) and deciduous trees (-0.23). FEg g
had a similar but lower correlation with human-made land covers (rail tracks, paved, roads, industry, other roads and buildings;
from highest to lowest, all between 0.11-0.13). The strongest negative correlations of COS with grassland and mixed forest
(-0.16 and -0.14, respectively) were notably lower than the corresponding values for CO5 and CO.

Similar analysis of correlation was conducted for four equally long (62 days) sub-periods of the campaign (Fig. A7). The
correlations of F75§° were stronger during the early campaign than during the winter and spring. In terms of absolute values,

the highest correlations were found between 15 August — 16 October 2022 and with grassland (R =-0.29), mixed forests
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Figure 5. Correlations between the flux contribution from different land covers and fluxes of COS, CO2, and CO. (a) Available data for each

flux, (b) the correlations with their colour bar, and (c) the average contribution of each land cover to the observed fluxes.

(R =-0.24), and paved surfaces (R =0.23). The lowest values were found between 17 October — 18 December 2022, when the
correlation with every land cover was between -0.07-0.09, except for buildings (R =0.13) and grassland (R =-0.12). F{3,
had an increasingly negative correlation with grassland (-0.25 to -0.39) and a constantly positive correlation with human-
made surfaces, with a highest R =0.38 with roads between 17 October — 18 December 2022. Correlations between F: and
land cover contributions to the flux followed the development of COs2, only with different surfaces yielding the strongest
correlations. The highest correlation was observed with paved surfaces in the autumn (19 December 2022 — 19 February
2023; R =0.41). Overall, positive correlations with human-made surfaces and negative correlations with vegetated land covers

prevailed throughout the measurement period for all fluxes.
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3.4 SiB4 versus observations

A daily mean difference between SiB4 modelled COS fluxes and the EC observations (A Fcog) is shown in Fig. 6 together
with a daily mean air temperature. From the beginning of the measurement campaign until November the differences were

mostly positive. As F(S;i(]fs‘l includes only biogenic fluxes while vegetation and forest covered land covers represent on average

41.7 % of FES§® contribution, a positive difference is expected during growing period. The difference then became negative,
indicating that SiB4 had underestimated the COS sinks during most of the winter until early February after which the values
became positive again. There was a cold period in December, during which A Foog reached positive values. Afterwards, the
values remained negative over the warm period between 20th December 2022 — 16th January 2023. While this is consistent
with an underestimation of the COS sink by SiB4, part of the discrepancy may also arise from ecosystem or anthropogenic
COS sources and sinks not represented by the model. The extreme values of the daily AFgos occurred on 10 February
2023 (52.9 pmol m—2 s~!) and 10 March 2023 (-19.0 pmol m~2 s~!). The correlation between daily means of AFcos
and air temperature was 0.41 over the whole measurement period, but varied being 0.64, -0.34, and -0.02 for three equally
long sub-periods of the measurement period (15 August — 6 November 2022; 7 November 2022 — 28 January 2023; and
29 January — 21 April 2023, respectively). These differences should be interpreted with caution, as vegetation activity changes
substantially over the measurement period. Consequently, the observed correlations may reflect both temperature and seasonal
changes in vegetation activity, making it difficult to isolate temperature-related stress effects. Furthermore, the temperature
dependency of A Frog was different for low and high temperatures: Correlation coefficient was -0.24 for temperatures below
10.0 °C, but 0.68 for temperatures above 13.3 °C (Fig. A8 (a)). The increase in A Fog with air temperature suggests that the
discrepancy between observations and SiB4 varies with temperature, and is consistent with either an overestimation of COS
uptake under warm conditions or the presence of additional temperature-dependent COS sources in the observations. Between
the temperatures there was a transition period, where there was no significant correlation to either direction. The difference
between measured and modelled CO2 (A Fo,) is positive throughout the measurement period, except for an individual day in
November (see Fig. A9). As opposed to AF s, there is no clear temperature dependence with A Fco, (Fig. A8 (b)).
Sector-separated fluxes of COS and CO5 are shown in Fig. 7, together with estimates of anthropogenic emissions derived
using Eq. 5 and 6 and biogenic fluxes estimated with SiB4 modelling. Both AFos and AFco, showed the lowest median
values in the highly vegetated SW sector (Table 3). In this sector, the observed nocturnal sink exceeded that simulated by
SiB4, whereas during the daytime the model predicted a stronger sink than was observed. Consequently, A Foogs was positive
only during a short period around noon. In the NW and NE sectors, the model consistently predicted a stronger daytime sink
than observed, while the simulated nocturnal fluxes more closely matched the observations. As a result, the median A Fog
exhibited a pronounced diurnal cycle in all sectors. The NE sector showed a bimodal diurnal pattern, whereas the SE, SW,
and NW sectors exhibited a single daytime maximum. The maximum values of the median diurnal AF-pg were 10.9, 11.9,
3.8, and 12.5 pmol m~2 s~! in the NE, SE, SW, and NW sectors, respectively. The estimate of anthropogenic COS emissions
(Féog) showed only a weak diurnal cycle and only momentarily matched A Fcog around noon in the SW sector. The median

F&ng was higher than A Fog for the full footprint and all sectors, except for the NW sector.
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Figure 6. (a) The daily mean observed COS fluxes (FE5$2°) and the SiB4 modelled biogenic fluxes (FSE). (b) The daily mean difference
between FES2® and FS55 (AFcos). The difference is indicated with bars: Positive (red) and negative (turquoise) bars indicate that the
model has assumed higher or lower sinks of COS compared to measurements, respectively. The days with insufficient amount of data are

marked with gray crosses and the black line shows the daily mean temperature.

Table 3. Estimations of anthropogenic fluxes of COS and CO» displayed in Fig. 7. Medians (and interquartile ranges) of COS estimates are
inpmol m~2 s~% and COs in ymol m~2 s~ 1,
Sector AFcos Féos AFco, Féo,
All | 19(-3.6-94) 3.3(2.1-5.1) 7.0 (3.7-11.8) 11.7 (6.4-20.3)
NE | 3.2(-2.7-11.5) 4.4 (2.8-6.1) | 10.7(6.0-15.8)  18.6 (10.0-25.1)
SE | 2.8(-1.8-14.8) 4.3(2.3-6.6) | 13.0(10.0-27.1) 20.8 (11.8-33.5)
SW | -1.5(-54-34) 24(1.8-3.5) 4.5 (2.4-7.0) 7.9 (4.1-12.1)
NW | 44 (-2.1-12.5) 3.7(2.3-6.0) 9.5(5.7-14.4) 18.3 (10.0-24.3)

The studied A Fco, showed essentially the same pattern as the observed CO4 fluxes because SiB4 simulated a comparatively
low biogenic flux of COz. The estimated F¢,, closely matched to the AFco, in all three sectors: At night they matched
seemingly well but during the day-time estimated emissions were over twice the magnitude of A Fco,. The absolute difference
is smallest in the SW sector, where the flux magnitudes are overall lower. The medians of F&,, and AFco, differed most in
the NE and NW sectors (7.6 umol m—2 s~ 1),
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Figure 7. Diurnal partitioned fluxes of (a)-(d) COS and (e)-(h) CO5. Observed fluxes (FEGS® and Fé‘&) are shown with blue solid lines,
SiB4 modelled fluxes (FS856 and FG5.h) with black solid lines, their difference (A Fcos and AFco,) with red dotted lines, and estimated
anthropogenic fluxes (Féog and Féo,) with grey dashed lines. For COz the storage-corrected flux is shown but non-corrected flux is shown

for COS. Number of data used (N) for each line is indicated on the plots.

4 Discussion
4.1 Observed flux magnitudes

Despite the nitrogen flush not taking place during the beginning of the measurement period, the fluxes were deemed trustworthy,
albeit uncorrected for storage flux. The lack of nitrogen flush did not impact the magnitude of the measured flux, only the
availability of the storage correction. As Kohonen et al. (2020) described, the observed negative nocturnal storage flux of COS
in (Fig. A3 (a)) indicates a sink in the footprint area during the night hours. In Zurich, however, the storage flux was relatively
more important and contributed by median 27 % to the total measured flux, instead of the 19 % maximum contribution reported
by Kohonen et al. (2020). The difference is largely explained by the substantially higher measurement height at Hardau II(111.8
m compared with 23 m in Kohonen et al., 2020), which increases the contribution of the storage flux (Montagnani et al.,
2018; Lan et al., 2025). In addition, the measured COS fluxes were considerably smaller (median -4.4 versus -11.3 pmol
m~2 s~! in Kohonen et al., 2020), thereby increasing the relative contribution of the storage flux to the total measured flux.
Similar comparison holds with Gerdel et al. (2017), who reported 93 % of all observed storage fluxes to be found between
+2.7 pmol m~2 s~! under a measurement height of 2.5 m. As the storage flux is directly proportional with the measurement
height (Eq. 2), a higher measurement height—without a profile measurement—leads directly to a larger uncertainty in the total
flux, which is notable especially for a low concentration trace gas such as COS.

The observed COS fluxes showed magnitudes similar to the few earlier flux studies that focused on urban environments.

The SW sector of Zurich showed a similar daily maximum COS uptake as a street sector in Helsinki (Zue: -9.6 vs. Hel: -
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10.6 pmol m~2 s~!; Soininen et al., 2025a), with 25 000 cars per day. On the other hand, the diurnal shape of COS fluxes
on the more built NE and SE sectors resembled the observations in the city center of Innsbruck during autumn, however, with
lower peak sources (Zue: 5.5 vs. Ins: approx. 10—12 pmol m~2s~!; Karl et al., 2020). Also, while Karl et al. (2020) observed
a difference between the COS fluxes during weekdays and weekends in Innsbruck, no difference between the workdays and
weekends was observed in Zurich. The differences in measured COS fluxes can be, again, explained by the different observa-
tional heights. In Zurich, the EC setup was located at 111.8 m above the surface, while in Innsbruck the measurements were
made at 42.8 m. Higher elevation will result in longer footprint, which in our case extends beyond the city boundaries into
surrounding forested areas that generally act as a sink for COS (Whelan et al., 2018), thereby increasing the influence of non-
urban uptake on the observations. The observations in Zurich support the conclusions of earlier studies (Zanchetta et al., 2023;
Estruch et al., 2023) that using COS fluxes as a tracer for GPP in human-influenced areas is challenging. This appears to apply
also to EC measurements, even in the presence of scattered vegetation, because the assumption of exclusively biogenic COS
fluxes is often violated by anthropogenic emissions. As the parks of Zurich are separated from each other by surfaces where
COS appears to be emitted from, the required pristine biogenic COS sink is not observed. Over more continuous vegetation
cover, on the other hand, COS flux has been shown to be an appropriate proxy for photosynthesis (Soininen et al., 2025a).
The continuous sources of CO2 were an expected feature from Zurich. The city of Krakow, which is of similar size to Zurich,
showed a median winter CO, source of 9.4 umol m~2 s~! and a year-round median flux 7.7 umol m~2 s~! from a traffic sector

2 571). A smaller central European

(Jasek-Kamiriska et al., 2020), which is close to the Zurich observed median (7.1 umol m™
city, Arnhem in the Netherlands, emitted a median of 16.7 umol m—2 s~! year round (Kleingeld et al., 2018). In Arnhem, the
smaller footprint area had less vegetated cover than in the full footprint of Zurich, and comparison is closer to the SE sector of
Zurich (median 12.5 pmol m—2 s~1). The observed CO fluxes from SW sector match the results from a Helsinki street sector
(Zue: 18.2 vs. Hel: 23.1 nmol m—2 s~! Soininen et al., 2025a). The CO fluxes from NE, SE, and NW sectors (daily median
fluxes of 33.2, 33.6, and 33.4 nmol m~2 s~ !, respectively) were an order of magnitude lower than those observed during winter
(347 nmol m~2 s~ 1) and four times lower than those during summer (149 nmol m~2s 1) in Beijing, where residential coal

combustion was a major source (Squires et al., 2020). In contrast, the observed fluxes were comparable to the summer-time

(June—July) emissions observed in London (39.9 nmol m~2 s~1; Helfter et al., 2016).
4.2 Environmental controls on the observed fluxes

As the COS source of the early campaign (August—September) was detected in the NE, SE, and NW sectors rather than
being confined to a single wind direction, it appears to have been spatially widespread and therefore more likely driven by
environmental conditions than by a specific emission hotspot. Scapucci et al. (2024) reported a compound soil and atmospheric
drought event 15 km North-West of Hardau II which ended on 4 August 2022, ten days before the start of the COS flux
measurements. As a legacy effect, soil moisture in Zurich was at drought levels at the beginning of the campaign (see Fig 2
(c)), likely contributing to the elevated COS fluxes observed during the first weeks of the measurements.

Previous studies have shown that warm and dry conditions can induce a biogenic COS emissions under controlled conditions

(Spielmann et al., 2025) and in disturbed forest ecosystems during prolonged warm and dry periods (Thomas et al. , 2026).
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Instead of the vegetation and decomposition of organic matter releasing COS, however, it seems likely that in Zurich it was
the preceding compound drought event that decreased the biogenic COS sink of the urban vegetation enough so that the
anthropogenic sources momentarily dominated the COS balance. This interpretation is supported by the footprint analysis.
During the early campaign, COS sources were observed in the NE, SE, and NW sectors, where vegetated surfaces accounted
for 24.8 %, 32.2 %, and 37.1 % of the footprint-weighted contribution, respectively (Table A3). In contrast, the SW sector,
where vegetated land covers contributed 60.4 % of the footprint-weighted source area, remained a net COS sink throughout
the period. This suggests that the larger vegetated fraction in the SW sector maintained sufficient biospheric uptake despite the
preceding drought, whereas uptake in the less vegetated sectors was reduced enough for anthropogenic emissions to contribute
more significantly to the net COS exchange. Although drought can also induce soil COS fluxes under low soil water content
(SWC) (Maseyk et al., 2014), these fluxes are generally much smaller than vegetation fluxes and are therefore unlikely to
explain the observed sectoral differences.

As the measured minimum of soil temperature was above zero, it is assumed that the soil within the footprint area never
reached freezing temperatures. Thus, it is further assumed that the soil COS uptake continued throughout the year, except
for the aforementioned drought period. Moreover, after October SWC barely decreased below 0.3 m® m~2, indicating that
the soil did not dry; therefore, the low SWC can be eliminated as the reason for winter-time COS. The SW and NE sectors,
which had the highest and lowest flux contributions of vegetation, respectively, showed median COS fluxes of -6.7 and -

2

3.3 pmol m~2 s~!. Higher sinks were reported from the Harvard forest in the eastern USA for the dormant period with

—1 —1

an unfrozen soil (-7 pmol m—2 s~!; Commane et al., 2015) and for an alpine grassland in Austria (-10.3 pmol m~—2 s~ 1;

1 was measured

Spielmann et al., 2020). On the other hand, a lower winter-time sink varying between -2.4 and -1.5 pmol m 2 s~
in a boreal forest stand in Southern Finland (Vesala et al., 2022). In the last case the soil had been frozen and snow-covered,
which likely explains the difference to Zurich SW sector observations. The median SE sector sink (-1.9 pmol m~2 s~!) was
of the same magnitude as the wintry forest uptake, which may reflect both the low vegetation surface fraction and human
activities that hide part of the biogenic sink. The COS sink in Zurich could not be attributed between soil, vegetation and other
components, unfortunately, but the flat diurnal shape (see Fig. 4) can be taken as an indication of the soil and lower vegetation
acting as significant sinks of COS which offset the anthropogenic emissions. At night, the emissions have likely been lower,
but same applies to the sinks. The flat shape can also be partially explained by the EC footprint. In the observed fluxes, there
was generally a higher contribution of forest sinks during night-time, and an emphasised contribution from the city area during
daytime. Thus, the possible human sources would be most visible during the day and weaker in the night-time observations.
The impact of other known drivers, such as VPD, were not found as significant drivers of COS uptake during winter.

Using SiB4 to estimate the biogenic COS fluxes was intended to yield an approximation of the order of magnitude of
the possible anthropogenic COS emissions, which were expected to be revealed as the difference between the model and
the observations. However, a surprising limitation emerged: substantial discrepancies were found between the model and the
observations during the exceptional environmental conditions encountered during the campaign. Since these residuals may
also reflect anthropogenic emissions, footprint mismatch, and other unrepresented processes, the comparison with SiB4 is

most meaningful for the SW sector, where the larger vegetated fraction makes the biogenic contribution dominant. During
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both the summer drought and the warm winter period, notable discrepancies between the model and observations remained. In
particular, the residual nighttime A Fog in the SW sector during winter suggests that SiB4 may underestimate the COS sink
under low-radiation conditions. This discrepancy could not readily be explained by factors omitted by the model. Instead, it
seems that the low level of radiation forces the uptake to be too small in the model even when the temperature would in reality
allow uptake of COS. Similarly, Cho et al. (2023) reported substantial uncertainties in the simulation of stomatal conductance
with SiB4 in a boreal forest, which were highlighted at night-time and around winter, resulting in an underestimation of COS
sink. During drought conditions, a similar limitation was reported for the previous model version (SiB3), which failed to
reproduce a drought-induced biogenic COS source it Harvard forest site (Commane et al., 2015).

In winter, it is likely that a major part of the COS sink originated from the soil, which remained a sink after being rewetted by
the autumn rains. However, uptake by low vegetation and coniferous trees cannot be ruled out. Stagakis et al. (2025) simulated
the CO5 exchange in green areas of Zurich using three ecosystem models and found an increase in GPP during winter, although
it was outweighed by the increase in ecosystem respiration due to elevated temperatures. Still, if vegetation productivity indeed
increased during winter, a corresponding uptake of COS would also be expected. An estimate of GPP independent of land

surface models could therefore provide additional insights to the functioning of the urban vegetation.
4.3 Partitioning of biogenic and anthropogenic fluxes

The measurement campaign revealed distinct spatial patterns in COS exchange that reflected differences in both anthropogenic
activity and vegetation cover. In August, during the first weeks of the campaign, the NE, SE, and NW sectors acted as sources
of COS, whereas the SW sector remained a sink (Fig. AS). The strongest positive fluxes originated from the SE sector (6.1 pmol
m~2 s~ 1), where roads, buildings, and paved surfaces together accounted for over 54 % of the footprint-weighted contribution.
Conversely, vegetated surfaces were associated with the lowest COS fluxes, suggesting that increasing vegetation contribution
promoted biogenic COS uptake. Notably, the NW sector, despite having the highest footprint-weighted vegetation contribution
among the source sectors (43.9 %), remained a net source of COS, whereas the SW sector, with a substantially higher vegetation
contribution (68.5 %), acted as a sink.

The correlation analysis further showed that rail-track-covered areas were associated with more positive fluxes. However,
there is no evidence that the railways themselves emitted COS, as trains in Switzerland have been powered exclusively by
electricity for decades (Moreau, 1960). Instead, the 15.2 % footprint contribution of rail tracks in the NE sector likely reflects
nearby anthropogenic sources that are indistinguishable from the railway in the land cover analysis.

As the effects of the preceding drought event (Stagakis et al., 2025; Scapucci et al., 2024) subsided in late August—September
2022 (Fig. 2 (c)), vegetation was also expected to begin transitioning towards autumn dormancy. Consequently, biogenic
COS uptake was expected to decline, making anthropogenic emissions more apparent. Instead, the observed COS sources
diminished. The SW sector remained the least affected owing to its highest footprint-weighted contribution of vegetation as well
as the larger, more contiguous green areas compared to other sectors. More fragmented green areas are generally more exposed
to edge effects, including elevated temperatures and reduced soil moisture (Garvey et al., 2022), which may increase vegetation

stress during drought. It is therefore possible that vegetation in the NE, SE, and NW sectors was more vulnerable to drought
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than vegetation in the SW sector, resulting in a greater reduction in COS uptake and consequently altering the balance between
biogenic uptake and anthropogenic emissions. This interpretation is further supported by the spring observations, during which
all sectors acted as net sinks of COS, indicating that once vegetation recovered from drought and resumed active growth,
biogenic uptake was sufficient to dominate the sectoral COS exchange despite differences in surrounding anthropogenic land
use.

Subtracting the SiB4 fluxes from the observed fluxes provided an estimate of the residual flux, A F,, which was assumed to
be predominantly anthropogenic despite the limitations discussed above. For COS, the differences were substantial. Whereas
the modelled fluxes exhibited a pronounced diurnal cycle that was absent from the observations, the resulting subtraction
yielded AFcog with an inverse diurnal pattern, showing the highest apparent emissions around midday and comparatively
low fluxes during the night. In the SW sector, where the observed COS uptake persisted throughout the night, the subtraction
yielded an apparent non-biogenic sink. This is likely an artefact arising from an underestimation of the biogenic COS sink by
SiB4, reflecting limitations in the representation of residual stomatal conductance. On the other sectors, the agreement between
the modelled and observed nocturnal COS sink was considerably better than in the SW sector, suggesting that the largest model
deficiencies were confined to the SW sector.

The estimated anthropogenic COS emissions (F§ng) based on COy co-emission from road traffic did not fully explain
the observed AFcog. The largest discrepancies occurred during night-time, when the simple co-emission model overesti-
mated COS emissions by assuming that the anthropogenic COS source could be represented solely through co-emissions with
traffic-related CO4 and followed a constant diurnal profile. In reality, traffic intensity decreases substantially during the night,
whereas the model attributes the full co-emission to the traffic sector throughout the day. Consequently, the estimated noctur-
nal COS source remained larger than expected. Furthermore, in the SW sector, where roads accounted for only 5.0 % of the
footprint-weighted contribution (Table A3), the estimated traffic-related COS emissions aligned only weakly with the observed
daytime peak. The daytime peaks of AFcog in the NE, SE, and NW sectors reached 10.9, 11.9, and 12.5 pmol m~2 s~ 1!,
respectively, closely matching the autumn COS fluxes observed in Innsbruck, where daytime maxima reached approximately
10-12 pmol m~2 s~! (Karl et al., 2020).

The estimated anthropogenic COS and CO- fluxes indicate that the observed co-occurrence of both gases was related to
human activities. The poorest agreement in the SW sector suggests that the assumption of anthropogenic co-emission is in-
sufficient where natural processes dominate the exchange, as wintertime COS uptake and CO, release by vegetation weaken
the relationship between the two gases. For COS, the discrepancy between the estimated anthropogenic emissions and A Fog
further highlights the limitations of representing urban COS emissions solely through CO5 co-emissions. The estimated levels
of anthropogenic emissions and their difference from the observed fluxes indicate that the measurements were, to a large extent,
influenced by the surrounding ecosystems rather than representing the urban area of Zurich alone.

For COg, only minor differences were found between the estimated anthropogenic fluxes and AFo,, reflecting the dom-
inance of anthropogenic emissions over the comparatively weak biogenic exchange during winter. Consequently, the residual

CO., flux closely represented the anthropogenic contribution in all sectors.
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Overall, the residual flux approach demonstrated that COS and CO; behaved fundamentally differently in the urban envi-
ronment. During the dormant season, anthropogenic CO5 emissions dominated the observed exchange, and AFc o, therefore
provided a robust estimate of the anthropogenic contribution. In contrast, the interpretation of AFcog remained strongly de-
pendent on the representation of biogenic uptake. Nevertheless, the daytime maxima of A Foog in the NE, SE, and NW sectors
closely matched the autumn COS fluxes observed in Innsbruck (Karl et al., 2020), suggesting that the estimated residual fluxes
were of a realistic magnitude. The remaining discrepancies, particularly in the SW sector, suggest that residual stomatal uptake
of COS during the dormant season is underestimated by current biogenic models. Together, these results demonstrate that ur-
ban COS exchange reflected a combination of anthropogenic emissions and biogenic uptake, with the latter exerting a stronger

influence on the measured fluxes than expected even during the dormant season.
4.4 Comparison with global COS budget

The anthropogenic COS emissions predicted by the global inventory for the grid cells surrounding the eddy covariance sites
in Zurich, Helsinki, and Innsbruck are shown in Fig. 8. For Zurich, the four surrounding grid cells contain emission estimates

~2 571, with a mean of 45.1 pmol m~2 s~!. Even the lowest inventory estimate exceeded

ranging from 31.1 to 70.1 pmol m
the largest daytime values of AFcog observed in this study (12.5 pmol m~2 s~1), suggesting that the inventory substantially
overestimates anthropogenic COS emissions in the Zurich region. For the Zurich grid cells, the inventory attributes 62 % of the
anthropogenic COS emissions to tire wear, 27 % to rayon staple or viscose production, and 10 % to rayon yarn production, with
the remaining fraction arising from agricultural chemical use, pulp and paper production, and industrial solvent use. Although
Zurich has historically played an important role in the silk and viscose industry and was associated with the development of
the viscose process (Kauffman, 1984), there is no evidence of present-day manufacturing that could account for nearly one
quarter of the estimated emissions. In the global inventory, national viscose production was downscaled using N2O emissions
as a spatial proxy because N2O is also emitted during viscose production (Zumkehr et al., 2018a). The comparison with
the Zurich observations suggests that this approach substantially overestimates COS emissions in the study area. A similar
limitation was identified by Belviso et al. (2023), who showed that the NoO-based downscaling considerably overestimated
anthropogenic COS emissions in the Paris region while underestimating emissions from French industrial sources associated
with viscose-related production.

According to the global inventory, tire wear contributes between 18.2 and 44.2 pmol m~2 s~! to the anthropogenic COS
emissions in the four Zurich grid cells. However, even the largest daytime values of AFcog observed in this study (10.9-
12.5 pmol m—2 s~!) remained well below this range. Laboratory experiments have shown that COS emissions from tire rubber
increase strongly with temperature (Pos and Berresheim, 1993). Consequently, if tire wear were the dominant anthropogenic
COS source in Zurich, its influence would be expected to be particularly apparent during the warm and dry conditions en-
countered during the early autumn measurements. No evidence for such a large tire-wear source was found. At the Helsinki
site, where the global inventory attributes 2.9-39.8 pmol m~2 s~! of anthropogenic COS emissions to tire wear, COS uptake

was nevertheless observed even in the street sector during summer, where road traffic dominated the anthropogenic emissions

(Soininen et al., 2025a). Rather than an enhanced COS source, the observed fluxes remained a net sink throughout the mea-
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Figure 8. Total anthropogenic COS emissions for 2012 extracted from the global dataset of Zumkehr et al. (2018a) for the inventory grid
cells surrounding the eddy covariance towers in (a) Zurich, (b) Helsinki, and (c) Innsbruck. Each panel covers an area of 20 x 20 km. The
outer (12 x 12 km) and inner (4 x 4 km) boxes provide a common spatial reference centred on each tower, illustrating the scale of the local

surroundings relative to the inventory grid resolution.

surement period. Together with the Zurich observations, this suggests that tire wear contributes less to urban COS emissions
than assumed in the global inventory.

Most importantly, natural gas combustion is not represented in the global anthropogenic COS inventory of Zumkehr et al.
(2018a). This omission may contribute to discrepancies when applying the inventory to European cities, where natural gas
commonly represents an important source of heat production. In Zurich, for example, natural gas accounts for 14.7 % of the
total primary energy demand (Stadt Ziirich, 2025a). By contrast, the omission of coal combustion from the Swiss inventory
is unlikely to substantially affect the comparison, as coal is no longer used to any significant extent for energy production in
Zurich (Stadt Ziirich, 2024). Similarly, emissions from pigment production, identified by Zumkehr et al. (2018a) as one of the

major global anthropogenic COS sources, are not included in the inventory for Switzerland.
4.5 Uncertainty and limitations of the used methodologies

The measurement setup in Hardau II had also some uncertainties. Firstly, COS is a trace gas with low concentration and is thus
difficult to measure precisely. This can particularly affect the uncertainty of EC measurements at high measurement levels as
at the Hardau tower. In hindsight, it became apparent that the four hourly nitrogen flush is not enough to keep the performance
of AD-QCL stable for COS measurements. Consequently, the fraction of data for which storage-corrected fluxes could be
calculated decreased from 39.4 % to 16.8 %.

On a diurnal scale, the footprints extended the furthest during night-time under the most stable boundary-layer conditions.
During the day, on the contrary, the fluxes came mostly (80 % contribution, not shown) from the closest 3 km radius of the

tower. Thus, a significant part of the nocturnal fluxes was not describing the activity in the urban area, but rather the surrounding
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forested areas. The impact of advection on the measured signal was neglected, but it may be significant (Jocher et al., 2018),
particularly during stable and calm conditions, which can lead to decoupling between the surface and the measurement height
(Lan et al., 2025). Consequently, a tall tower EC measurement without a profile measurement for the storage flux estimation
often has a high uncertainty (Finnigan , 2006). Keeping in mind the difficulties of operation and the tricky landscape, similar
campaigns in the future should be carefully considered.

FFP modelling (Kljun et al., 2015) together with the land cover map proved to be a useful tool when interpreting the fluxes,
but it also has limitations. In urban environments, footprint models are subject to uncertainties arising from the heterogeneous
roughness length, complex building morphology, and the influence of the urban canopy layer, all of which can affect the
estimated source area. Consequently, the calculated footprints should be interpreted as approximations of the contributing
surface rather than exact representations. Estimating flux footprints in urban environments using analytical models is inherently
challenging because of the complex surface structure (Auvinen et al., 2017). Moreover, measurements from a single EC tower
are inherently weighted towards the surfaces located closest to the tower, while contributions from more distant parts of the city
are progressively weaker. Thus, the observations from a single EC tower cannot be regarded as representative of the entire urban
area (Molinier et al., 2026), but rather of the footprint-weighted source area under the prevailing meteorological conditions.
This weighting also results in overlap between land-cover classes, such that the estimated contribution of an individual surface
type reflects the mixed composition of the footprint rather than fluxes originating exclusively from that surface.

The SiB4 model is one of the most used ecosystem models of COS fluxes. The model was used to provide a baseline
estimate of the biogenic COS fluxes so that any anthropogenic emissions could be identified from the measured signal through
a simple subtraction in the Zurich urban environment, where anthropogenic emissions and biospheric fluxes are expected to
be the dominant contributors to the observed COS fluxes. However, the comparison with the measurements showed that the
model was not able to capture special conditions including winter drought and heatwave conditions. Partly this was due to
the MERRA-2 reanalysis not perfectly capturing the conditions affecting the smaller scale features of the EC footprint area.
Using local meteorological observations might have led to different results but MERRA-2 was chosen as it is more accurate for
larger model domain of SiB4. The model underestimated the sink during winter, when neither the vegetation nor the soils were
assumed to have significant contributions to the measurements. This discrepancy may partly reflect the difficulty of representing
residual stomatal conductance in land surface models (Cho et al., 2023). Still, it came as a surprise that the modelled sink of
COS was actually smaller than the one measured at the tall tower. Several factors may explain this discrepancy. The spatial
resolution of SiB4 (0.5°x0.5°) was much coarser than the study area, meaning that the prescribed plant functional types may

not have adequately represented of the urban vegetation or the vegetation located on the nearby hills.

5 Conclusions

In this study, a tall-tower eddy covariance measurement campaign was conducted in Zurich, Switzerland, from August 2022
to April 2023 to investigate COS fluxes together with CO2 and CO. The aim was to quantify the magnitude and variability of

COS exchange in a densely built urban environment and to evaluate the potential of COS as a tracer of urban gross primary
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production. The measured COS fluxes were analysed together with FFP flux footprint modelling (Kljun et al., 2015) and
simulations of biogenic COS exchange using the SiB4 model.

The footprint-weighted urban area acted as a net COS sink for most of the measurement period (66.6 % of the observations;
median flux -4.4 pmol m~2 s~1), despite persistent anthropogenic emissions. Considerable spatial and temporal variability was
observed, with the strongest sources associated with sectors dominated by impervious surfaces, while the most vegetated sector
remained a net sink throughout the campaign. Comparison with footprint-weighted land-cover composition demonstrated that
vegetation was the dominant control of the observed COS uptake, whereas anthropogenic emissions increasingly masked the
biospheric signal in more densely built areas.

The SiB4 model reproduced the general seasonal evolution of the biospheric COS flux but failed to capture several observed
features, including the reduced uptake following the preceding compound drought event and the unexpectedly large wintertime
sink. The discrepancies likely arose from a combination of factors, most notably limitations in the representation of stomatal
conductance (Cho et al., 2023), together with the coarse model resolution and the use of reanalysis meteorological forcing,
which cannot fully represent the environmental conditions within the urban footprint.

Overall, the results demonstrate both the potential and the challenges of using COS as a tracer of urban GPP. Anthropogenic
emissions were generally lower than predicted by the widely used global inventory but were sufficiently large to complicate
the interpretation of urban COS fluxes. The study highlights the need for improved anthropogenic COS emission inventories,
continued long-term flux observations, and ecosystem models capable of representing urban vegetation and environmental

stress, all of which are essential for improving COS-based estimates of urban carbon uptake.

Appendix A: Supplementary data
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Figure A1l. The co-spectra of T and (a) COS, (b) CO2, and (c) CO and the vertical wind speed. Black line denotes the median co-spectrum
of w and T, coloured line is the median co-spectrum of each gas and w and the coloured area denotes the interquartile range (25th to 75th

percentile). Dotted line denotes the theoretical slope of -4/3. Both axes have logarithmic scales.
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Figure A2. The observed fluxes and the distributions of the quality flags of (a)-(b) COS, (c)-(d) CO2, and (e)-(f) CO in Hardau II tower in
Ziirich, Switzerland, between 15 August 2022 and 21 April 2023.

28



https://doi.org/10.5194/egusphere-2026-4603
Preprint. Discussion started: 24 August 2026
(© Author(s) 2026. CC BY 4.0 License.

Figure A3. Measured and storage corrected of (a) COS, (b) CO2, and (c) CO, as well as the storage fluxes of (d) COS, (e) COz, and (f) CO.
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Figure A4. Diurnal fluxes with (orange) and without the emissions (blue) of the close-by chimney. Top panels (a), (b), (e), (f) show the
hourly available data and bottom panels (c), (d), (g), and (h) show the diurnal fluxes of COS, CO», CO, and CH4, respectively. Medians are

shown with markers and lines, with the interquartile range as the shaded area. Shown fluxes are not storage corrected.
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Figure AS5. Monthly medians of (a) FG5&°, (b) FES,, and (¢) FGg in the full footprint and in each sector. Error bars indicate the monthly
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of wind directions across the diurnal and seasonal cycles. Number of monthly available data is shown above each error bar. Sector was only

included if it had at least 30 data points for the month.
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Figure A6. Diurnal cycles of the five land covers with the largest importance to observed fluxes according to the FFP model, and the distance

of the FFP maximum value from the Hardau II tower (secondary axes). The hourly median and the interquartile range are shown for each

land cover.
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Figure A7. Same as Fig. 5, but for four sub-periods of the measurement period: 15 August — 16 October 2022, 17 October — 18 December
2022, 19 December 2022 — 19 February 2023, and 20 February — 21 April 2023.
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and (b) COa. The difference is indicated with bars: Positive (blue) and negative (red) bars indicate that the model has assumed higher or

lower sinks of COS compared to measurements, respectively. The black line shows the daily mean temperature.
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Figure A9. Same as Fig. 6, but for CO,
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Table Al. Monthly statistics of selected environmental variables. The key numbers are calculated as monthly arithmetic means for all

variables except for precipitation, which is shown as the monthly sum. T',;, denotes the long-term (2000-2020) air temperature on each

month
Month T air °C) | Tair (°C) Precipitation (mm) | VPD (kPa) | SWC (m3 m~?)
August 2022 20.8 22.6 69.3 1.25 0.23
September 2022 16.6 16.2 111.0 0.58 0.27
October 2022 12.1 15.1 73.4 0.32 0.31
November 2022 7.0 8.8 78.0 0.20 0.33
December 2022 35 4.0 91.0 0.13 0.34
January 2023 2.7 43 49.8 0.20 0.34
February 2023 34 4.8 19.2 0.26 0.33
March 2023 7.4 8.4 95.2 0.41 0.33
April 2023 11.8 9.8 93.8 0.40 0.33
Full period 8.7 9.6 632.3 0.35 0.32
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Table A2. Monthly median values and interquartile ranges (25th—75th percentiles) of COS, CO2, and CO fluxes from August 2022 to April
2023. Values are reported as median an interquartile range (Q25-Q75). Values both with (F°*) and without (F2***) storage correction are

reported for each gas. Data flagged with quality flag O were used to calculate the values.

EGUsphere\

FEse’ Fis FEsee &S, st &

Month (pmol m2sh (umol m2sh (nmol m~2s71)

Aug 2022 | 4.6 (-4.7-15.5) - 7.7 (4.0 - 14.0) - 33.8(15.7-73.9) -

Sep 2022 -4.2(-8.6-3.1) - 5.5(3.3-10.2) - 27.4 (8.5-56.8) -

Oct 2022 -3.8(-9.9-3.3) - 7.2(4.0-13.7) - 30.3 (11.7-70.5) -

Nov 2022 | -45(-102-0.6) -44(93-14) | 75048-13.7) 73(@4.1-123) | 34.7(13.9-73.1) 32.1(11.8-68.7)
Dec2022 | -4.6(-12.6-5.1) -3.7(-141-44) | 6.7(43-11.3) 59@3.1-11.1) | 28.1 (11.2-54.1)  26.1(6.9-52.8)
Jan 2023 -53(-119-24) -4.6(-124-38) | 7.5(4.9-140) 73((3.9-14.0) | 289(13.7-55.8) 28.2(11.1-55.8)
Feb2023 | -3.6(-102-7.7) -33(-135-94) | 9.1(63-164) 8.6(44-17.3) | 340(14.8-56.5) 31.9(13.2-54.2)
Mar 2023 | -5.6 (-13.5--0.0) -4.7(-15.0-4.9) | 694.7-11.0) 693.7-11.6) | 23.7(11.3-49.2) 24.9 (9.4 -50.6)
Apr2023 | -59(-11.9-33) -64(-13.1-0.2) | 7.6 (5.0-125) 7.6(4.6-11.0) | 26.5(13.3-50.3) 23.8(9.7-424)
All data -44(-10.8-3.9) -44(-13.0-44) | 7.1 (43-128) 72(39-134) | 29.2(12.5-58.0) 28.0(10.5-54.3)

37




695

700

https://doi.org/10.5194/egusphere-2026-4603
Preprint. Discussion started: 24 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Table A3. Flux contribution (%) from different land cover classes based on the FFP footprint. Values in parentheses indicate the correspond-
ing land cover area fractions (%) within a 2.9 km radius of the Hardau II tower. The three lowermost rows show the summed contributions
of vegetated (grassland, cropland, deciduous, evergreen, and mixed forests), impervious (paved surfaces, roads, rail tracks, and other roads),

and built (buildings and industry) land cover classes. The sector 60—-120° was excluded due to the orientation of the eddy covariance (EC)

setup.
Full footprint NE SE SW NW
Wind dir. (0-360°) (0-60°) (120-200°)  (200-260°)  (260-360°)
Grassland 22.4(22.0) 144 (20.0) 18.8(23.0) 30.2(29.5) 21.6(254)
Paved 17.9(16.7)  21.6(142) 182(17.8) 11.6(8.6) 23.6(18.9)
Deciduous 16.3 (17.0) 10.8 (22.1) 143 (14.1) 22.8(29.7) 13.0(12.9)
Buildings 14.4 (17.7) 159 (14.6) 199(21.9) 11.9(10.5) 14314.7)
Mixed 7.6 (17.6) 4.1(8.0) 7.7(7.8) 11.0 (12.1) 6.2(5.3)
Roads 6.6 (7.8) 7.8(7.1) 9.0(9.2) 5.0(4.6) 6.7(7.5)
Rail tracks 6.2 (4.1) 152 (4.1) 1.2(1.3) 0.4(04) 5.6(6.3)
Industry 2.8 (1.7) 44(2.1) 1.2(1.5) 1.1 (0.5) 4.3(3.2)
Cropland 1.6 (1.1) 1.1(2.2) 0.6 (0.1) 2.2(0.5) 1.7(2.2)
Other roads 1.6 (1.6) 2.6(1.8) 1.6 (1.5) 1.3 (0.9) 0.8(1.3)
Evergreen 1.3(0.9) 0.5(1.9) 0.6(0.2) 2.2(2.6) 1.3(0.5)
Water 1.4(1.9) 1.5(1.8) 7.0(1.6) 0.3(0.1) 0.7 (1.8)
Vegetation 49.1 (48.6)  31.0(54.2) 419(452) 68.5(74.4) 43.9(46.3)
Impervious 32.3(30.2) 47.2(27.2) 30.0(29.8) 18.3(14.5) 36.8(34.0)
Built 172 (194) 203 (16.7) 21.1(234) 13.0(11.0) 18.7(17.9)

Code availability. The codes used for the data analysis will be made available in the Zenodo repository under the Creative Commons Licence
CCBY-4.0 (https://doi.org/10.5281/zenodo.21626128).

Data availability. EC flux time series archive (L2) from Hardau were downloaded from the ICOS Carbon portal, DOI:

https://doi.org/10.18160/G039-HZT1 (Soininen et al., 2025b). FFP footprint functions were downloaded from the ICOS Carbon portal, DOI
(Molinier and Kljun, 2026). The FFP footprint model is freely available at footprint.kljun.net. The used meteorological data are available
in the Zenodo repository under the Creative Commons Licence CCBY-4.0, DOI: https://doi.org/10.5194/bg-22-2133-2025 (Stagakis et al.,
2024). The global data set of anthropogenic COS emissions is openly available by Campbell Lab Data Share (Zumkehr et al., 2018b).
Kaserne station data have been downloaded from https://www.bafu.admin.ch/en/data-query-nabel. SiB4 model results are included and

openly available in the Zenodo repository under the Creative Commons Licence CCBY-4.0 (https://doi.org/10.5281/zenodo.21626128).
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