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Abstract  Carbonyl sulfide (OCS) is used to quantify the carbon capture potential of the biosphere because 
of its direct correlation with CO2 uptake during photosynthesis. However, to constrain the urban biosphere 
signal, it is necessary to evaluate potential anthropogenic sources. We conducted two sampling campaigns in 
the Metropolitan Area of Barcelona (AMB), Spain, during May (full COVID lockdown) and October 2020 
to measure the spatial distribution and variability of OCS in four urban land uses as follows: built, urban 
forest, urban park, and peri-urban agriculture. The OCS background levels determined at Tibidabo (442 m 
asl) were approximately 484 ± 20 ppt and 407 ± 8 ppt for May and October 2020, respectively, and agreed 
with other seasonal surveys conducted in Europe during that same period. Averaged emissions were in the 
range of +Δ12 ± 40 ppt for the city and were +Δ9.4 ± 40.9 ppt for urban +Δ22.1 ± 48 ppt for urban green 
+Δ20.7 ± 42.9 ppt for agricultural and −Δ4.8 ± 19.6 ppt for forest. The urban values ranged from neutral to 
above background, suggesting nearby anthropogenic and marine emissions such as +Δ150 ppt in Montjuic, 
which is downwind of Barcelona's harbor. During the crop-growing season in May, the agricultural areas 
consistently showed values below the background (up to −Δ76 ppt in Gavà, uptake) at 7:00 UTC when the land 
breezes were dominant, while later in the morning, when the sea breeze are developed, the plant sink is masked 
by the transport of marine emissions. Urban forests located north of Tibidabo showed OCS values up to −Δ70 
ppt, suggesting significant uptake by urban forests. We conclude that determining the urban biosphere signal 
using OCS as a tracer is more complex than expected because the marine and anthropogenic emissions from the 
port strongly impact the spatial-temporal distribution of OCS.

Plain Language Summary  Carbonyl sulfide (OCS) is a gas used to quantify the carbon capture 
potential of the biosphere. However, cities have potential anthropogenic OCS sources that can impede a clear 
constraint of the urban biosphere signal. We conducted two sampling campaigns in the Metropolitan Area of 
Barcelona (AMB), Spain, during May (full COVID lockdown) and October 2020 to measure the variability of 
OCS in four urban land uses: built, urban forest, urban park, and peri-urban agriculture. The OCS background 
levels determined at Tibidabo (were approximately 484 ± 20 ppt and 407 ± 8 ppt for May and October 2020, 
respectively). The urban built sites were typically above background, suggesting nearby anthropogenic and 
marine emissions. During the crop-growing season, the agricultural areas consistently showed values below 
the background suggesting plant OCS uptake when the land breezes were dominant, while later in the morning, 
when the sea breezes developed, the influence of marine emission resulted in values above the background. 
Urban forests showed significant OCS uptake. We conclude that determining the urban biosphere signal using 
OCS as a tracer is more complex than expected because the marine and anthropogenic emissions from the port 
strongly impact the spatial-temporal distribution of OCS.
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1.  Introduction
Carbonyl sulfide (hereafter OCS) is an atmospheric trace gas used to study the CO2 sequestration capacity of 
vegetation (Remaud et  al.,  2023; Whelan et  al.,  2018) because it is destroyed through photosynthesis in the 
same way as CO2 without producing any emissions through respiration (Protoschill-Krebs & Kesselmeier, 1992). 
According to the latest estimations, terrestrial vegetation and soils takes up from 530 to 670 Gg S yr −1 (Remaud 
et al., 2023) the largest natural sink of atmospheric OCS. Surface oceans are the most important natural source 
of OCS contributing directly and indirectly, that is, from the atmospheric oxidation of carbon disulfide and 
dimethylsulfide, between 270 and 320 (Lennartz et al., 2017). The global budget of OCS is partially balanced by 
anthropogenic emissions, which are estimated to be 400 Gg S yr −1 (Campbell et al., 2015). Terrestrial sinks and 
natural and anthropogenic sources are generally separated in space and time, and exhibit distinct seasonal and 
spatial variations (Remaud et al., 2023). Hence, land use changes are expected to have a significant influence on 
the global budget of atmospheric OCS.

Although many studies have evaluated OCS budgets at regional and global scales, little is known about OCS 
sources and sinks at the urban scale. Understanding land use influence on the budget of atmospheric OCS at the 
urban scale is much more difficult to establish because sources and sinks can coexist over small distances. For 
example, Commane et al. (2013) indirectly assessed OCS sources along the highly urbanized coastline of Cali-
fornia where they detected biogenic OCS emissions from wetlands in Sacramento Bay, anthropogenic emissions 
near a storage facility and refinery in the port of Los Angeles, and OCS loss during the daytime due to photosyn-
thetic uptake in vegetated areas. Besis et al. (2021) also conducted a study that identified potential sources of OCS 
at the city level and observed the spatial heterogeneity influencing OCS mixing ratios of Thessaloniki, Greece, 
and identified three locations where OCS concentrations in inner-city areas were three times higher than those at 
the seafront and where the waste management system was a source of OCS. According to Zumkehr et al. (2018), 
anthropogenic emissions of OCS due to aluminum, residential and industrial coal, TiO2, solvents and tires in the 
Metropolitan Area of Barcelona contribute to 65% (178 Mg S yr −1) of the total emissions in the Catalonia region 
(276 Mg S yr −1, see Figure S1 in Supporting Information S1). However, a study by Belviso et al. (2023) demon-
strated that the Zumkehr et al. (2018) inventory for France largely overestimated OCS anthropogenic emissions 
by approximately an order of magnitude. A previous study by the same group used direct measurements from a 
sampling tower and computed back trajectories with the FLEXPART transport model to find that the Paris subur-
ban area was acting mainly as an OCS sink (Belviso et al., 2022). Another urban study of Innsbruck, Austria, 
measured the hourly exchange rates of OCS with an eddy covariance tower and showed that urban OCS emissions 
are significantly higher at noon during weekdays than during weekends, which suggests that road traffic could be 
a net source of OCS emissions.

The use of OCS as a photosynthesis tracer has recently received attention as a potential method to determine 
the contribution of the urban biosphere toward reducing the carbon footprint (Mallik et  al.,  2016; Villalba 
et al., 2021). Mallik et al.  (2016) reported the first records of annual OCS mixing ratios over an Indian city, 
which were substantially higher than tropospheric values, and those values changed seasonally with an observed 
86% drop in OCS in November when air masses changed from oceanic to continental. Villalba et  al.  (2021) 
also observed changes in OCS related to air masses coming from marine and continental sources. This work 
highlighted the difficulty of characterizing the biosphere signal when the input masses are continental due to the 
heterogeneity, they present in OCS content compared to stable marine conditions.

This study aims to contribute to the understanding of the dynamics of OCS budgets in urban areas by exploring 
to what extent different urban land uses can have an impact on atmospheric OCS mixing ratios in terms of the 
particular urban climate, geography, and topography affecting the transport and mixing of OCS sources and 
sinks. Motivated by the present lack of in situ OCS continuous measurements to properly infer surface OCS 
(Remaud et al., 2022), we conducted an OCS measurement campaign in the Metropolitan Area of Barcelona 
(AMB). We selected four different land uses as sampling sites as follows: forest, agricultural land, urban parks 
and impervious areas with the intention of understanding the role of urban land use on the OCS budget in a 
coastal city where we would expect a mixing ratio gradient between the sea (where OCS is produced) and the land 
(OCS capture in vegetated areas). The selection of sampling areas was based on their potential as a sink of OCS 
based on photosynthetic rates (Campbell et al., 2017; Villalba et al., 2021; Yang et al., 2018) or a local source 
based on anthropogenic inventories (Lee & Brimblecombe, 2016; Yan et al., 2019; Zumkehr et al., 2018). The 
OCS sampling campaigns were funded and conducted within the project Integrated System Analysis of Urban 
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Vegetation and Agriculture (URBAG), which was financed by the European Research Council with the overall 
aim of understanding the influence of green infrastructures on the urban CO2 budget. As a coastal city with 
intense sea breezes during the day, the AMB is an ideal case study to determine the contribution of the urban 
biosphere and other anthropogenic sources to the overall urban OCS budget. The campaigns were conducted 
during the spring and early autumn of 2020 and almost coincided with the OCS spring maximum and autumn 
minimum (Montzka et al., 2007). Furthermore, the May campaign took place during the full lockdown due to the 
COVID pandemic, which helped constrain the biosphere signal given the reduction in anthropogenic activities 
that are potential sources of OCS such as vehicle exhaust (Zumkehr et al., 2017). We analyzed the observed OCS 
concentrations in terms of land-use influence while understanding the role of local weather conditions, synoptic 
events, and the planetary boundary layer by using atmospheric transport models, climate observations and atmos-
pheric tracers. More specifically, we attempted to answer the following question: What is the land-use influence 
on the urban OCS budget?

2.  Methods
2.1.  Study Site

The two experimental campaigns took place in the Metropolitan Area of Barcelona (AMB), located in the NE 
corner of Spain, as shown in Figure  1. The AMB, with a total surface area of approximately 640  km 2 and 
over 3.3 million inhabitants (16,160 people/km 2), is the seventh largest urban area and eighth most densely 

Figure 1.  (a) A map of Spain showing the Metropolitan Area of Barcelona (AMB, red rectangle). Orography of the AMB 
(b) and land use (c), where triplicates of colored dots represent the upwind, target, and downwind sampling locations (d). 
Background atmospheric OCS levels were investigated at the upwind sampling points at the sites of Tibidabo (highest altitude 
in the PBL), Gavà and Poble Nou (closest to the shore). These sites are depicted with colored dots with white circles in b and 
c. The red diamond represents the location of ICTA and the blue one where the radiosondes were launched and the radon 
measurements were performed (c).
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populated region in the European Union. It is also one of the most industrialized areas in the western EU (Querol 
et al., 2004), specializing in food production, chemicals, vehicle manufacturing, and gas production and distri-
bution (Institut d’Estadística de Catalunya, 2023). The AMB is bounded by the Besós River in the northeast, the 
Llobregat River in the west, the Collserola mountain range to the north, and the Mediterranean Sea to the south, 
as shown in Figure 1. The AMB has a Mediterranean dry subhumid climate with an annual precipitation of 
approximately 600 mm, which is mainly concentrated during spring and autumn, and a mean annual temperature 
of 16.5°C. The orography of the city extends from sea level to 516 m above sea level (a.s.l.) at the mountain range 
located northwest of the main urban areas.

More than half of the AMB's surface area is covered by vegetation in various forms, including urban forest (43%), 
agricultural fields (8%) and urban parks (4%), while 41% is covered by impervious and other infrastructures (4%). 
Land uses are shaped by the following physical constraints: crops are located in the coastal plains formed by the 
delta of the Llobregat River, while urban forests composed of pine and holm oaks are located in the Collserola 
mountain range (Figure 1). Urban green spaces are scattered throughout the metropolis and populated with orna-
mental species ranging from acacias to plantain trees and ornamental shrubs and grasses.

2.2.  Field Campaigns

Air samples were taken at the eight sites shown with colored dots in Figure 1c, which were selected to repre-
sent the heterogeneity of land use throughout the AMB and are summarized into four land-use categories (see 
Table 1): agricultural area (located in the Gavà and Prat areas), urban forest (Tibidabo and Collserola), urban 
green (Montjuic and Guinardó) and urban (Sagrada Familia and Poble Nou). We took air samples at each site 
(hereafter referred to as the target site) and upwind and downwind of each target site in an attempt to follow the 
air mass flow during its trajectory over the target site. The upwind and downwind sampling sites were deter-
mined based on historical wind patterns and trajectories typical of each target location under similar atmospheric 
conditions expected during the campaign and are available from the Meteorological Service of Catalonia (www.
meteo.cat) and shown in Text S1 in Supporting Information S1. Note that in May and October 2020, observed 

Campaign Site (elevation) Land use type Date CWTs a SWC b PBLH range (m) OCS 7:00 UTC (ppt) OCS 9:30 UTC (ppt)

May 2020 Tibidabo (175–442 m) Forest 19/05 C N 19–441 478 ± 20 494 ± 9

Gavà (0–2 m) Agricultural 21/05 U N 11–249 482.1 ± NA 495.5 ± 10.7

Poble Nou (0–4 m) Urban 21/05 U N 44–2,217 461 ± 20 NA

Montjuic (42–98 m) Urban green 20/05 C N 327–883 485 ± 14 490 ± 5

Prat (0–2 m) Agricultural 25/05 E E 737–1,182 502 ± NA 508 ± 2

Sagrada (37–55 m) Urban 26/05 E E 771–1,900 460 ± 6 NA

Collserola (107–442 m) Forest 27/05 E E 395–1,079 441 ± 39 497 ± 3

Guinardó (115–169 m) Urban green 28/05 A SE 590–1,524 505 ± 8 612 ± 17

October 2020 Gavà (0–2 m) Agricultural 23/10 U NW 21–5,019 401 ± 9 403 ± 3

Poble Nou (0–4 m) Urban 15/10 CN N 287–571 405 ± 23 426 ± 45

Guinardó (115–169 m) Urban green 19/10 ASW SW 69–934 389 ± 20 392 ± 16

Sagrada (37–55 m) Urban 20/10 SW SW 29–1,085 444 ± 19 460 ± 93

Montjuic (42–98 m) Urban green 21/10 CSW SW 92–734 425 ± NA 485 ± 87

Prat (0–2 m) Agricultural 22/10 SW SW 103–495 468 ± 24 490 ± 37

Note. An unabridged version of this table with upwind and downwind OCS including a detailed data for background measurements concentrations (see Figure 4) is 
available in Text S1 in Supporting Information S1.
 aCWT: Circulation weather type. The different types of CWTs are cyclonic (C), anticyclonic (A), pure advective (N, S, E, W, NE, SE, NW, SW), hybrid cyclone-advective 
(CN, CNE, CE, CSE, CS, CSW, CW, CNW), hybrid anticyclone-advective (AN, ANE, AE, ASE, AS, ASW, AW, ANW, and undefined (U)).  bSWC: Synoptic wind 
component summarizing the pressure pattern, fronts, wind direction and speed.

Table 1 
Circulation Weather Type (CWT), Synoptic Wind Component (SWC) and PBLH Extracted From WRF Simulations Expressed in Meters Above Ground Level (a.g.l), 
Averaged OCS Concentrations of All Measurements Taken Each Day During the May and October Campaigns, and Expressed in ppt (Mean Values From the Three 
Sites, Mean Values ± Standard Deviations)
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wind patterns sometimes differed from historical data. The locations of the upwind, target, and downwind sites 
are shown for each point using the same color in Figure 1c. The spatial distance among the three sampling points 
of each site ranges from 500 to 4,000 m. Sampling times were chosen to capture inland winds during the early 
morning (i.e., 4:00 and 7:00 UTC am) and the typical sea breezes that develop during the morning and early after-
noon (i.e., 9:30 and 11:00 UTC am). In each campaign, each place was measured one day, at the stipulated hours.

The first campaign took place between 18 May and 28 May 2020, which was during a period of intense transport 
restrictions due to the COVID-19 pandemic, and resulted in highly significant air pollution reductions (Badia 
et al., 2021). Anthropogenic emissions drastically decreased, especially for the aviation (95%), road transport (up 
to 85%), and more moderately according to shipping (21%) and industry (11%) sectors (Guevara et al., 2021). 
The second campaign took place from the 13 to the 27 of October 2020, when the anthropogenic activity returned 
to normal.

The temperature ranged from 20°C to 24°C during May and 14°C to 20°C during October. Samples were collected 
at 7:00 UTC and 9:30 UTC, and for some specific days chosen at the beginning and at the end of the campaign, 
we performed additional sampling at 4:00 UTC and 11:00 UTC for the Tibidabo, Gavà and Poble Nou upwind 
locations to determine the background concentration of OCS. The weather was stable during both campaigns 
with one day of slight precipitation during each sampling campaign, which accumulated 2.6 and 1.6 mm during 
May 29 and October 26, respectively. The air mass influence was mostly cyclonic and advective with some days 
characterized by anticyclonic circulation. Synoptic winds were mostly north and east during the May campaign 
and predominantly southwest during October as summarized in Table S2 in Supporting Information S1.

We recorded temperature, air pressure, wind direction and wind speed at each sampling site using a portable 
anemometer (Skywatch Xplorer 4). The relative humidity was obtained from the Meteorological Service of Cata-
lonia for the first campaign (Servei Meteorològic de Catalunya, 2023), and additionally, it was registered on site 
using a digital hygrometer (TFA Dostmann®, precision ±4%) during the October campaign.

2.3.  OCS Measurements and Analysis

Samples were collected in cylindrical borosilicate glass flasks (1 L volume, Normag Labor und Prozesstechnik 
GmbH, Germany) with Kel-F PCTFE valves fitted at both ends. This flask material showed the lowest permea-
tion of gases compared to other sealing materials (Sturm et al., 2004). To ensure the quality of the measurement 
technique and repeatability of the experiment, two flasks connected to each other in a portable device were 
simultaneously filled in series (see Text S2 in Supporting Information S1, Urban sites, for device pictures). The 
inlet was installed at 3.5 m above ground level (m a.g.l.) and air, after passing through a magnesium perchlorate 
desiccant tube to remove moisture and a filter to remove particles, was pumped to the flasks with the help of a 
diaphragm pump (KNF N84.4 ANDC). Before taking the sample, air was flushed through the flasks for at least 
10 min. At that time, we checked that the flow was steady and between 2.0 and 3.5 L min −1. The flask sampling 
took about to 10 min to be completed. After flushing, the exit valve was closed, and the flasks were pressurized 
with sample air to approximately 1.5 bar. Samples from the target, upwind and downwind sites were taken at the 
exact same moment to simulate an Eulerian approximation in which the sampling point remains fixed (Leelőssy 
et al., 2016).

Flasks were sent to the Laboratoire des Sciences du Climat et de l’Environnement, LSCE, Paris-Saclay, France, 
for OCS analyses. Flasks were stored for a maximum of 2 months before analysis. OCS was analyzed following 
the analytical method described in Belviso et al.  (2016, 2022). In this procedure, atmospheric OCS (500 ml) 
is trapped using an automated sampling system (Entech P7100 preconcentrator) and then analyzed by gas 
chroma tography with pulsed flame photometry detection (PFPD, Varian Model 3,800, Belviso et al., 2016). Cali-
bration was performed every week using a calibration gas supplied by Air Products (Belviso et al., 2016). The 
difference between the assigned value of an NOAA long-term air standard (NOAA-2004 scale) and the average 
of multiple analyses of that same standard was smaller than 1.5%. The drift between calibrations was assessed on 
a daily basis using a short-term target gas (Belviso et al., 2016).

2.4.  Determining the Planetary Boundary Layer Height

It is necessary to determine the planetary boundary layer height (PBLH) to understand its influence on the 
accumulation and dilution of OCS concentration at each site over the urban area. PBLH measurements were 
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not possible at the eight target sites, but at least the PBLH was calculated from measurements taken on the 
campus of the University of Barcelona (Figure 1, label: Radiosonde/Radon) using two different techniques as 
follows: (a) based on observed measurements from a radiosonde (RSD) station installed on the roof of the Physics 
Department of the University of Barcelona (41°23′03″ N 2°07′01″E), which is part of the Global Meteorological 
Network (GCOS, 2016); and (b) via a laser ceilometer (CL-31, Vaisala Inc., Finland) located at the same place 
with a measurement range up to 7.6 km, 10-m vertical resolution and a temporal resolution of 16 s. For the latter, 
the PBLH is estimated from the ceilometer data using the Vaisala Boundary-Layer View software (BL-VIEW) 
Enhanced Gradient method (VAISALA, 2020)—see details in Garcia-Dalmau et al. (2021)—followed by selec-
tion algorithms according to the methodology of Lotteraner et al. (2016).

To determine the PBLH based on radiosonde measurements, we followed a robust numerical procedure proposed 
by Liu and Liang (2010) using midday radiosonde (RSD) observations from the selected periods of study and 
considering 1100 UTC as the launching time. The PBLH was computed following the air parcel method for a 
convective dominated boundary layer (Holzworth, 1964; Seibert et al., 2000; Stull, 1988) as the height where air 
parcel evolution following a dry adiabatic evolution from surface intersects with the environment temperature 
profile. The calculated PBLH from RSD was visually corrected to solve the method errors and mostly related to 
the presence of several temperature inversion layers. A detailed explanation of the method and how we applied it 
to our case study is presented in Supporting Information S1 (Text S3).

In this study, we also analyzed radon, which is a radioactive and noble gas known to be a good atmospheric tracer 
(Grossi et al., 2012), to better understand the evolution of the PBLH and to corroborate the PBLH calculated from 
the ceilometer observations using the method proposed by Griffiths et al. (2013). Hourly atmospheric concentra-
tions of Rn were measured during October 2020 using an Atmospheric Radon MONitor (ARMON) at the Barce-
lona School of Industrial Engineering station (41°23′03″ N 2°07′01″E, 10 m a.g.l) at the same site that radiosonde 
and ceilometer data were recorded and identified with the label Radiosonde/Radon in Figure 1c. The monitoring 
was designed and built by the Universitat Politècnica de Catalunya as described by Grossi et al. (2012). Due to 
COVID-19 restrictions, no radon data were recorded for May 2020 because the equipment had to be shut down.

The estimations of PBLH using radiosonde and ceilometer were also compared with PBLH simulated using the 
Weather Research and Forecasting model (WRF). WRF simulations were performed to obtain information on 
the main transport processes and the vertical mixing conditions throughout the AMB as described in Section 2.6.

2.5.  WRF Simulations of the Urban Atmosphere

The WRF v4.3 model (Skamarock et al., 2021) coupled with the multilayer urban canopy scheme BEP-BEM 
(Salamanca et al., 2010) was used in this study to simulate the urban atmosphere over the AMB to better under-
stand the influence of local weather conditions and PBL development on OCS concentrations. The WRF config-
uration used for this study consists of 3 two-way nested domains with horizontal resolutions of 9, 3, and 1 km 
covering the Iberian Peninsula, the Catalan territory, and the AMB, respectively, with 45 vertical layers up to 
100 hPa (see Figure S2 in Supporting Information S1). The physics parameterization for the planetary boundary 
layer is the Boulac scheme, which has been shown to be the most suitable to resolve the turbulence intensity in 
convective situations for the AMB (Segura et al., 2021). We included 11 urban local climate zone (LCZ) clas-
sifications (Stewart & Oke, 2012) for the innermost domain and each had a specific value for thermal, radiative 
and geometric parameters of the buildings and ground, which are used by the BEP-BEM to compute the heat 
and momentum fluxes in urban areas (Gilabert et al., 2021; Ribeiro et al., 2021; Yu & Steinberger, 2011). We 
conducted simulations for May and October 2020 using meteorological initial and boundary conditions from 
ERA5 (Copernicus, 2023). Table S3 in Supporting Information S1 further describes the model characteristics 
and experimental configurations. The model simulations were validated using temperature, wind speed and 
wind direction observations from 14 meteorological stations of the Meteocat network (https://www.meteo.cat/
observacions/xema).

2.6.  FLEXPART Back Trajectories

FLEXPART back trajectories were calculated to determine the precedence of air sampled at the various sites 
to establish whether the air mass influence was local or regional. FLEXPART (FLEXible PARTicle dispersion 
model) is a Lagrangian transport and dispersion model that is used for calculating the long-range and mesoscale 
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dispersion of air pollutants (Stohl et  al.,  2005). The FLEXPART version 
adapted to the WRF mesoscale model (Brioude et  al.,  2013) was used to 
calculate back trajectories of air tracers from each of the sampling sites at 
the sampling times. The back trajectories were computed from the output of 
the WRF model at the nested domain of 1 km with 16 vertical levels from 
0 to 2,000 m a.g.l. Each back trajectory was calculated for 24 hr after the 
sampling time. The number of particles released to the atmosphere in the 
simulation was 2,000. From the 3D back trajectories, only the layers from 
0 to 100 m above ground level were used for the study of footprints, as it is 
where the exchange among the land/ocean - atmosphere takes place.

3.  Results
3.1.  OCS Sample Repeatability and Accuracy in Urban Environments

We performed a precision analysis of the GC measurements of flask-air 
samples according to the methods developed by Belviso et  al.  (2022) to 
assess the repeatability and accuracy of the OCS measurements in an urban 
environment. Eight pairs of flasks in total were selected randomly from the 
May and October campaigns, and each flask was analyzed twice consecu-
tively for OCS. The average difference between duplicated measurements, 
that is, the intraflask difference, was 9.8 ± 8.7 ppt (median = 8.2 ppt, inter-
quartile range (IQR) = 3.6–12.7 ppt, n = 16, 90th percentile = 16.5 ppt, 6.3% 
of outliers), as shown in Figure 2a. It was slightly higher than that reported 
by Belviso for samples collected in a rural area over wheat and rapeseed 
crops (Belviso et al., 2022), i.e., 9.3 ± 7.2 ppt (median = 7.5 ppt, interquartile 
range (IQR) = 4.5–12.5 ppt, n = 58, 5.2% of outliers, but in that case, the 
90th percentile was 19.5 ppt). Figure 2c shows that among the 54 flasks (each 
analyzed twice consecutively), four displayed mixing ratios higher than the 
90th percentile (i.e., 22.9 ppt), while the median and IQR of the intraflask 
difference (7.7 ppt and 3.3–12.1 ppt, respectively) appear to be highly 
consistent with the data displayed in Figure 2a. Consistency is also found in 
terms of the proportion of aberrant determinations of OCS mixing ratios (i.e., 
6.3% (Figures 2a) and 7.4% (Figure 2c)). It was concluded that the precision 
for GC measurements of flask-air samples remained unchanged over the two 
campaigns and was consistent with that reported by Belviso et al. (2022).

The average difference between flasks of the same pair (i.e., the interflask 
difference) was also analyzed in a duplicate manner and was 10.1 ± 14.0 ppt 

(median = 4.8 ppt, IQR = 0.05–18.6 ppt, n = 8, no outlier, Figure 2b). Hence, the interflask difference during the 
AMB study displayed higher variability than that of Belviso et al. (2022), that is, 5.5 ± 4.5 ppt (median = 4.9 ppt, 
IQR = 2.2–8.0 ppt, n = 29, a 6.9% proportion of outliers was reported in that study). The interflask difference was 
also assessed from a single analysis of the content of each flask. The median, IQR and 90th percentile were 12.1 
ppt, 4.3–22.5 ppt and 45.0 ppt, respectively, with n = 95 (Figure 2d). We reported the existence of six outliers 
(i.e., a proportion of 6.3%) exhibiting interflask differences higher than 45.0 ppt and up to 360 ppt. The interflask 
difference calculated from pairs of flasks each analyzed only once for OCS (Figure 2d) displays higher variability 
than that from pairs of flasks analyzed twice consecutively (Figure 2b).

Consequently, although the four outliers displayed in Figure 2c should have been discarded, we arbitrarily rein-
corporated those exhibiting intraflask differences in the range of 22.9 ppt (i.e., the 90th percentile) and 36.8 ppt. 
According to Belviso et al. (2022), data from pairs of flasks exhibiting interflask differences higher than 14 ppt 
should be discarded. Note that this threshold is approximately twice that set by Montzka et al. (2007). Although 
the interflask difference calculated from pairs of flasks each analyzed only once for OCS could originate from 
aberrant data (Figure 2d), nobody ever documented the high frequency distribution of OCS mixing ratios next 
to potential urban sources of that gas. In other words, although flasks are supposed to be simultaneously filled 
in pairs, the process of pressurization of two flasks connected in series could generate concentration gradients 

Figure 2.  Analysis precision for OCS measurements from flask-air samples 
collected in the AMB showing the 10th, 25th, median, 75th and 90th 
percentiles. Panels (a, c) show Δ interflask differences in OCS concentration 
between two consecutive analyses of the content of each flask (median of flask 
1 minus that of flask 2), whereas (b, d) show the Δ interflask differences in 
OCS concentration between flasks of the same pair. The diamonds correspond 
to the outliers (>90th percentile), which are over 23 ppt in panel (c) and 
over 45 ppt in (d). Outliers are labeled according to the location and time of 
sample collection. The codes of each sampling site are site, location and time 
UTC (sites: Tib: Tibidabo, Pra: Prat, Pob: Poble Nou, Mon: Montjuic, Gui: 
Guinardó; location: U: Upwind, D: Donwind, T: Target). Note that historical 
wind data was used for that purpose. The label colors represent the campaigns 
and correspond to red for May and blue for October.
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reflecting the heterogeneous distribution of OCS next to potential urban sources of that gas, in our case samples 
took 10 min to fill out in series. In light of this possibility, we decided to arbitrarily validate the six outliers 
reported in Figure 2d and investigate whether interflask differences higher than 45 ppt would be site dependent 
or would result from aberrant data.

3.2.  Evaluation of WRF Simulations

We ran WRF BEP-BEM simulations in May 2020 and October 2020 to obtain high-resolution meteorological 
data, atmospheric stability, and PBLH during the sampling periods. Statistical analyses of the root-mean-square 
error (RMSE), mean bias (MB) and correlation factor (R) were used to evaluate performances of the model 
compared with ground-based meteorological observations from Meteocat (see Section 2.6). The near-surface 
relative humidity (RH), temperature (T) and wind speed (WS) statistical analyses are displayed in Figures S3 
and S4 in Supporting Information S1 for campaigns in May and October, respectively. There is an overall good 
performance for the modeled RH, T and WS in comparison with the observations with an average error of ±14% 
for RH, ±1.7 to 1.9°C for T and ±1.65 ms −1 for WS. This statistical analysis is available in Table S4 in Supporting 
Information S1.

During the May campaign, there were predominant northerly winds from the north from the 18th until the 21st, 
and the circulation weather types were hybrid-cyclonic to cyclonic regimes, while the second half (25th through 
the 28th) was characterized by winds from the east with a Mediterranean Sea air mass influence and adventive 
regimes, with the exception of the 28th, which was anticyclonic with a southeast synoptic wind component and 
local maritime air mass influence. During the October campaign, westerly and southerly winds characterized by 
adventive circulation weather types prevailed for most of the period with a cyclonic north influence and regional 
continental air mass in the first 2 days switching to a maritime influence for the rest of the campaign. Table 1 
summarizes these weather patterns for each day of the two campaigns.

3.3.  Planetary Boundary Layer Height Calculations and Evaluation

We had radiosonde and ceilometer data to calculate the PBLH in one location of the Metropolitan Area of 
Barcelona, which we compared to the WRF-BEP BEM simulated PBLH and established that the WRF model 
performed reasonably well in terms of boundary layer development. Furthermore, WRF-BEP BEM was validated 
in terms of temperature, wind direction and speed, and relative humidity. Thus, we were able to employ WRF 
meteorological output such as wind direction and speed to explain the observed OCS concentrations, mainly 
in term of their accumulation into low or high PBLH and possible transport patterns. For the same reason, the 
atmospheric stability classes, based on the radon tracer method, may give more information on the atmospheric 
episodes analyzed into the study.

The PBLH from the WRF BEP-BEM simulations was compared against ceilometer estimations and radiosonde 
observations at 11:00 UTC for each day of the campaigns (see Figure 3). All data time series follow the expected 
PBLH diurnal pattern with a rapid growth of the PBLH during the morning, a maximum that was reached at 
midday, and a decrease during the afternoon. The PBLH calculated by the WRF model is generally higher than 
that estimated by the ceilometer and radiosonde. During the first period of May and first days of October when 
there are continental regional air masses with prevailing large-scale northern winds, we noticed an important 
difference between the ceilometer, radiosonde, and WRF values in some cases up to 150 m difference at 11 
UTC. In this situation, the large-scale winds dominate the boundary-layer scales, which limit the capacity of the 
WRF model to estimate the PBLH and leads to high uncertainty in the radiosonde observations (Stull, 1988). 
The inverse correlation between atmospheric radon concentrations and the ceilometer-based PBLH is uniformly 
maintained during the entire October campaign as you can see in Figure S5 in Supporting Information S1 how 
PBLH are at is maximum at 00:00 UTC while atmospheric radon concentration are at its lowest, and the opposite 
behavior is seen around 12:UTC (see Figures S5 and S6 in Supporting Information S1), which further indicates 
an overestimation of the PBLH by WRF during strong wind events in early October. The highest radon activity 
concentrations (between 0.01 and 0.05 Bq m −3) are observed during nighttime (21–2 hr) when the PBLH reaches 
its minimum, whereas the lowest values (between 1 and 2 Bq m −3) are observed during diurnal hours (11–16 hr) 
when  222Rn is diluted due to a well-developed PBL.

The overestimated PBLH modeled values in May are consistent with an overprediction of the 2 m temperature 
seen for a station located 1.2 km from the radiosonde launching location. In contrast, better agreement between 
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the modeled and observed PBLH (both radiosonde and ceilometer) is seen during the second half of the May 
campaign from the 25th to 28th of May (Figure 3a), when the easterly winds lead to a more stable atmosphere. 
October showed better agreement overall among the PBLH values obtained from the ceilometer, RSD and WRF 
model due to higher atmospheric stability. The south-easterly weak winds generally lead to stable conditions and 
local scale dominance where the PBLH can be well estimated.

3.4.  WRF-FLEXPART Footprints

FLEXPART simulations showed that the sampling campaign covered different synoptic situations and different 
air mass origins. Text S4 in Supporting Information S1 shows that during the May campaign, two main directions 
were observed as follows: one coming from the northwest following the Llobregat River basin (days 18, 19, and 
21 of May) and another from the northeast with more sea influence (days 20 and 25 of May) and some others 
with more land influence (such as days 26, 27, and 28 of May). Generally, the simulation at 09:30 UTC shows 
more sea origin of the air masses arriving at sampling points than the simulations at 07:00 UTC in accordance 
with the sea‒land breeze regimes.

During the October campaign, the air masses mainly came from the northwest following the Llobregat River 
basin (days 15, 19, and 27 of October), although a situation with strong winds coming from the south was 
observed between the 20th and 21st of October. A stronger breeze regime is observed during this month with 
general changes in the origin of air masses between the simulations at 07:00 and 09:30 UTC.

Figure 3.  The time series of modeled PBLH (blue line) together with the Ceilometer (red line) and the Radiosonde (blue 
shade) for (a) May and (b) October campaigns. Shaded blue areas indicate the PBLH using two different definitions for its 
calculation. Vertical lines correspond to the 4 a.m., 7 a.m., 9:30 a.m., and 11 a.m. UTC sampling times on a daily basis.
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3.5.  Background OCS Measurement Validation

There were three potential background measurement locations (upwind sites of Gavà, Poble Nou and Tibidabo 
shown in Figure 1), but only Tibidabo at 442 m a.sl showed stability in OCS concentrations regardless of the diurnal 
convection patterns (Figure 4a), which ranged from 443 to 507 ppt during May and 392 to 416 ppt during October, 
as shown in Figure 4b. The coastal sites showed less stable values with Gavà showing the highest variability ranging 
from 407 to 600 ppt during May and 393 to 489 ppt in October, which are values well above the global background 
level. For example, on May 18th, a great variability in OCS mixing ratios was observed, and FLEXPART back trajec-
tories simulated for Gavà showed significant changes in air mass precedence (see Text S4a in Supporting Informa-
tion S1: Gavà, 18 May 2020, at 7:00, 9:00, and 11:00 UTC). At 7:00 UTC, we obtained the lowest OCS concentration 
value of the campaign (407 ppt) when air masses came from the inland north and collected air from forested areas; 
a few hours later at 9:30 UTC, the concentration rose to 600 ppt because air transport switched to an influence from 
the northeast where the densest part of the AMB is located. Earlier and later that day, at 4:00 and 11:00 UTC, OCS 
measurements were closer to typical background values, which indicated the marine influence of sea breezes during 
those hours, which decreased residential times over the urban area. Thus, we established Tibidabo mean values as a 
background measurement with a mean value for OCS of 484 ppt in May and 407 ppt during October. Our Tibidabo 
background values show congruence with those of the National Oceanic and Atmospheric Administration (NOAA), 
which ranged from 478 to 498 ppt in May and 399 to 408 ppt in October (https://gml.noaa.gov/hats/gases/OCS.html).

Generally, OCS background concentrations were higher in May (484 ppt) than in October (407 ppt), which 
reflects the global annual oscillation of maximum values in spring (mean north hemisphere 510 ppt for May) 

Figure 4.  (a) PBLH from the WRF model of three potential background site measurements for the AMB. The red line 
represents the current altitude for each site. (b) OCS concentrations of three potential background measurements for the 
AMB. The red line represents the background value chosen, which corresponds to the Tibidabo site with mixing ratios of 484 
and 407 ppt for the May and October campaigns, respectively. Detailed data for background measurements concentrations is 
available in Text S1 in Supporting Information S1.
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and lowest values in the fall (mean north hemisphere 440 ppt for October) reported by Montzka et al. (2007) for 
northern hemisphere Atlantic locations.

3.6.  OCS Concentrations Over the Metropolitan Landscape

The OCS concentrations at each site for both campaigns are given in Table 1, which also provides the circulation 
weather type (CWT), the synoptic wind component (SW) and PBLH from the WRF model simulations. The full 
data set is available at the Zenodo repository (URBAG, 2023) as well as the Table S1 in Supporting Informa-
tion S1. The highest concentrations were recorded in May at the sampling sites of Guinardó and El Prat (612 ± 17 
ppt and 508 ± 2 ppt) when winds were coming from the east, independently if mass air influence was local or 
regional, and well above ocean background values of 478–498 ppt estimated at the North Atlantic locations 
by NOAA (Figure S7 in Supporting Information S1, https://gml.noaa.gov/hats/gases/OCS.html). High-pressure, 
anticyclonic conditions during that time suggest that the high OCS concentration values might be due to the 
accumulation of local OCS emissions. Local emissions have been reported to come from car tires, vehicle exhaust 
pipes, use of natural gas and industrial processes, and biological activity from wastewater (Zumkehr et al., 2018).

The lowest OCS concentrations were recorded at Gavà and Collserola in May (407.1 ± 8.5 and 412.6 ± 13.8 
ppt, respectively) and at Gavà, Guinardó, Sagrada Familia and Poble Nou in October (398.3 ± 6.1, 374.1 ± 8.6, 
397.3 ± 5.2, and 390.4 ± 15.7, respectively). There seems to be no clear pattern relating circulation weather 
typologies to OCS measurements. For example, the highest OCS mixing ratio during the October campaign was 
recorded in Montjuic at 7:00 UTC (485 ± 87 ppt) with hybrid cyclone-advective conditions that influenced the 
day and regional air mass with wind blowing from the southwest (Table 1). In October, we had a similar weather 
pattern, yet this location registered one of the lowest OCS concentrations (389 ± 20 ppt). However, Sagrada 
Familia also recorded the second lowest value (392 ± 16 ppt) in October with maritime stable conditions on both 
days. For May, the lower record corresponds to Gavà at 7:00 UTC (431 ± 22 ppt), which was a day with local 
continental atmospheric conditions.

4.  Discussion
4.1.  Exploring the Land-Use Influence on the OCS Budget of the Urban Area

We found more variability among the OCS mixing ratios within the metropolitan area than between the two 
campaigns, which ranged from 450 to 600 ppt for May and from 390 to 470 ppt for October. This indicates 
that local sources and sinks, the heterogeneity of the urban landscape, and local air transport in the AMB have 
a larger weight on the OCS urban budget than what other stations that monitor more homogenous areas, such 
as Gif-Sur-Yvette and Mace head, than within cities such as Utrecht (Figure S7 in Supporting Information S1). 
We proceeded to analyze how each type of land use had an influence on OCS concentrations, considering other 
measured or modeled variables such as air transport regimes, PBLH development, and air mass influence.

Urban parks: Samples were measured from two urban parks located in very different urban environments in the 
AMB (see Figure 1 for their locations and Supporting Information S1 and Text S2 for pictures). Guinardó Park is 
located in the middle of Barcelona in one of the most densely populated areas, which is characterized by a high 
built fraction and surrounded by streets with heavy traffic. At 169 m a.s.l and a total area of 15.9 ha, Guinardó has 
dedicated spaces for recreational purposes and a wide number of ornamental trees including acacias, magnolias 
and other foreign species. However, Montjuic Park is close to the sea and overlooks the Port of Barcelona at 98 m 
a.s.l. with a total area of 227 ha. It is part of a highly vegetated recreational area on Montjuic Mountain with more 
than 690 species of identified plants including palm trees, acacias, pines, and a great variety of shrubby plants.

Guinardó was sampled on 28 May at 7:00 and 9:30 UTC with little presence of local winds at that time. Figure 5a 
shows the OCS enhancements (ΔOCS) calculated as the measured OCS concentration at each site minus the back-
ground concentration of 484 ppt established for the month of May (Table S1 in Supporting Information S1 can 
be consulted for absolute values). Initially, at 7:00 UTC, OCS concentrations at downwind, target, and upwind, 
were +22, +28, and +11 ppt, respectively over the established background level of 484 for May showing little 
enhancement; however, at 9:30 UTC, we observed a significant ΔOCS of +110, +128, +144 ppt, respectively. 
FLEXPART backward trajectories for these times (embedded in Figures 5a and 5b, while a larger Fig. is provided 
in Text S4 in Supporting Information S1) estimate that the forthcoming air masses were mostly local with breezes 
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changing from land (north‒east) at 7:00 to sea (southeast) at 09:30 UTC. This suggests local sources of OCS from 
both the sea and industrial activity of the port. Overall, it seems that the OCS capture capacity by the vegetation 
of Guinardó Park is offset by significant local sources that are perceptible when wind blows from SE (Locations 
abected by port, city and ship traffic), which increase OCS concentrations by +140 ppt despite a highly developed 
PBLH of 1,524 m at 9:30 UTC, which favors mixing and lower concentrations.

Samples taken on 19 October showed the opposite behavior as follows: ΔOCS were −33, −4, and +113 ppt 
for the downwind, target, and upwind directions, respectively, at 7:00 and −15, −32, +2, ppt, respectively, at 
9:30 UTC, as shown in the lower panel of Figure 5a. This time, the FLEXPART backward trajectory indicates a 
regional air transport influence from the northwest at 7:00 UTC, which transports air masses from the agricultural 
Llobregat basin. At 9:30 UTC, winds switch to southwest collecting air with influences from croplands and the 
sea. Furthermore, local breezes were insignificant, and the PBLH did not develop very strongly between 7:00 and 
9:30 UTC, going from 69 to 934 m, which leads us to believe that the lower concentrations at both 7:00 and 9:30 
UTC are most likely attributable to vegetation uptake in the park and the influence of air mass transport from 
agricultural fields rather than mixing of air that is typical of a fully developed boundary layer.

Montjuic Park offers more information in terms of the OCS drawdown capacity of the vegetation because of its 
key location next to the Port of Barcelona, which is expected to be a source of OCS due to its natural gas supply 
activity and ships. As illustrated in Figure 5b, there was very little difference between the 7:00 and 9:30 UTC 
OCS enhancements during May, which ranged from −12 to +17 ppt. The FLEXPART simulation for that day 
indicates a regional sea influence from eastern winds at 7:00 and 9:30 UTC that explains why all sites have OCS 
concentrations very close to background values at both times. There seems to be no significant source of OCS 
over the Montjuic area since the easterly winds are not influenced by the Port of Barcelona, which lies further 
south.

Figure 5.  OCS enhancement (ΔOCS) in ppt calculated as measured OCS minus background OCS (484 ppt for May and 407 
ppt for October) for each campaign at the two urban parks as follows: (a) Guinardó and (b) Montjuic. The black arrow shows 
the wind direction and speed measured on site, and the absence of an arrow indicates that there was no wind blowing at the 
moment of measurement. A small map embedded in the lower right-hand corner of each panel shows the residence time on a 
logarithmic scale of the air masses arriving at the sampling site as determined with the FLEXPART model.
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In contrast, during the October campaign, there was a strong southern regional influence on air masses over 
Montjuic Park as described by the FLEXPART trajectory. The air arrived from due south with no land influence, 
which, in addition to a low PBLH at 9:30 UTC of 561 m, constrains any changes in the OCS budget over Montjuic 
Park to very local processes. Thus, the high OCS values of 665 and 635 ppt we see at 7:00 and 9:30 UTC for the 
upwind site and downwind site and reaching more than +150 ppt above background, are most likely a result of the 
industrial activity of the Port of Barcelona. This enhancement was consistently seen in all upwind and downwind 
samples at 7:00 and 9:30. At the target site, samples were consistently near background values with enhancements 
of only +16 and +18 ppt at 7:00 and 9:30 UTC, respectively. It is more difficult to determine the reasons for this 
decrease compared to the other two points; it could not receive the emission plume that reached the other two 
places and combined with an effect of the vegetation signal. The fact that the target is at double the height of the 
upwind and downwind sites (98 m asl vs. 58 and 42 m asl) leads us to think that the signal from the plume with a 
high content of OCS did not arrive with the same intensity. The PBLH was 92 m at 7:00 UTC but 720 m at 9:30 
UTC, which could only explain this difference in the early hours.

Urban forest: There were two sampling locations representing urban forests as follows: Tibidabo and Collserola. 
Both locations belong to the Collserolla range, which is a mountainous area with more than 8,000 ha located in 
the northern limit of the city with a maximum altitude of 512 m asl. The flora of the park is maritime Mediterra-
nean and is dominated by white pine (Pinus halepensis) and low vegetation of maquis, scrub and meadows apart 
from cultivated fields. It has an estimated population of 10 billion trees and more than 1,000 species of plants. 
During the May campaign, OCS concentrations at 7:00 UTC ranged between 463 and 499 ppt and 412–498 ppt 
for Tibidao and Collserola, respectively, which are all within the range of the assigned background concentra-
tion. There was one exception at the Tibidabo Target site at 7:00, which had 620 ± 260.2 ppt and was discarded 
as the outlier with the largest discrepancy between replicates (see Figure 2). Enhancements were minimal with 
ΔOCS of −16, −72 and −33 ppt for collserola, +7 and −21 ppt for Tibidabo at 7:00 UTC, +9, +14 and +15 ppt 
for Collserola, and −2, +15 and +15 ppt for Tibidabo at 9:30 UTC. We had local and regional air mass influ-
ences and marine to continental winds for Collserola and Tibidabo (see Figure S8 in Supporting Information S1 
and Table 1). Local winds at/:00 UTC in Collserola suggested that the small OCS drawdown was due to the 

Figure 5.  (Continued)
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vegetation. The forest sites clearly showed a behavior from neutral to sink with respect to OCS exchange fluxes. 
Having established this tendency, we limited the sampling to the background location (Tibidabo upwind) during 
the October campaign.

Urban: OCS concentrations in May were surprisingly lower than our background estimate for both of our urban 
locations of Sagrada Familia and Poble Nou, which are characterized by 100% built environments of buildings, 
streets, constant traffic and little or no vegetation (see Figure 1 for their locations and Supporting Information S1 
and Text S2 for pictures). The OCS enhancements ranged between −17 to −29 ppt and 0 to −36 ppt for Sagrada 
Familia and Poble Nou, respectively, at 7:00 UTC, as shown in the upper panels of Figure 6 (9:30 UTC samples 
were not possible because of complications with the logistics during the campaign). Given the low mixing poten-
tial of the relatively low PBLH for both the Poble Nou and Sagrada Familia (100 and 800 m, respectively), we 
can conclude that there were no local OCS sources. One likely reason for this is that there was little or no traffic 
during this time due to the COVID lockdown and mobility restrictions. The FLEXPART trajectory for Sagrada 
Familia shows an influence of easterly winds bringing air from the sea. However, we discarded the regional influ-
ence on OCS transport because the urban sampling locations were surrounded by buildings. Instead, we assume 
that local winds have a higher weight on OCS transport, and we were not able to measure any significant local 
winds.

During the October campaign, there were no more mobility restrictions, and vehicle use was back to business as 
usual. OCS concentrations were higher than background values in both urban areas, as shown in the lower panels 
of Figure 6. In the Sagrada Familia, the downwind location at 7:00 UTC had a record-high ΔOCS of +150 ppt, 
which was most likely capturing a local source of OCS since the close-by target and upwind sites registered +7 
and −7 ppt, respectively. The FLEXPART model indicates an influence of air mass with long residence coming 

Figure 6.  OCS enhancement (ΔOCS) in ppt and calculated as measured OCS minus background OCS (484 ppt for May 
and 407 ppt for October) for each campaign at the two urban parks as follows: (a) Sagrada Familia and (b) Poblenou. The 
black arrow shows the wind direction and speed measured on site, and the absence of an arrow indicates that there was no 
wind blowing at the moment of measurement. A small map embedded in the lower right-hand corner of each panel shows 
the residence time on a logarithmic scale of the air masses arriving at the sampling site and determined with the FLEXPART 
model.
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from the city, which together with a low PBL (approximately 30 m) and the absence of local winds suggests that 
this peak of OCS is due to a nearby source of emission that was not present for the other two sampling sites. At 
9:30 UTC, the air transport regime changes, and we observe a marine influence. The PBL development increases 
to 1,085 m, and we also observe an increase in local winds (Figure 6). Even in the midst of this increased air 
mixture and neutral OCS transport, ΔOCS increases up to 57 ppt, which points to local OCS sources in this urban 
area.

The other urban site, Poble Nou, did not exhibit such clear behavior of local OCS sources during October. ΔOCS 
were −17, −16 and + 25 ppt at 7:00 UTC and 0, −16 and +70 ppt at 9:30 UTC for upwind, target, and down-
wind locations, respectively. The air masses were predicted to be influenced by regional sources, as FLEXPART 
suggests low residential periods in the urban area. There was moderate vertical air mixing (PBLH from 200 m at 
7:00 UTC to 500 m at 9:30 UTC) and weak atmospheric stability (Table 1).

Agricultural: The Gavà and El Prat sampling sites are located in the Llobregat River basin, which is mostly 
dedicated to peri-urban agriculture. Of the 5,500 ha of urban agricultural land at the AMB, over 2,800 ha are in 
this basin, as shown in Figure 1. The main agricultural products grown in this area are horticultural crops (such 
as lettuce, tomatoes, peppers, and artichokes), herbaceous crops, fruits, and some cereals (such as barley and 
alfalfa), and many short-cycle crops that are interannually rotated and well irrigated. Only the upwind site of 
Gavà is on the coast alongside the built infrastructure and urban forest and outside an agricultural field (sees Text 
S2 in Supporting Information S1 for pictures). The El Prat airport is nearby and between 3 and 5 km east to El 
Prat and Gavà, respectively. Gavà values were a clear example of how the wind component affected OCS mixing 
ratios since it is surrounded by the sea (south), agricultural and natural land (west to north) and is influenced by 
the port and the airport to the east.

Figure 7a shows low OCS concentrations well below the background values with ΔOCS of −67, +52, and −32 at 
7:00 UTC in May during full photosynthetic activity of grown herbaceous fields, which indicates the drawdown 
of OCS by vegetation. The wind measured on site was mostly from the north, especially for the downwind site, 
as confirmed with the FLEXPART trajectory, which predicts a high residential time for air masses coming from 

Figure 6.  (Continued)
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the north where the agricultural fields are located. This indicates that the OCS drawdown might not be entirely a 
local effect of agriculture but could also be due to a more regional effect of OCS taken up by soil and vegetation 
during the night all over Catalonia and then advected by the land breeze over the AMB. However, by 9:30 UTC, 
OCS concentrations increased (up to an ΔOCS of +116 for the downwind site) when air masses were coming 
from the urban and port areas and despite PBLH development, which reached 1,380 m that morning. During the 
October campaign, southwesterly winds predominated both at 7:00 and 9:30 UTC, which brought in air masses 
from the port and Gavà urban area with high industrial activity resulting in ΔOCS between +82 and +40 ppt at 
7:00 UTC. At 9:30 UTC, ΔOCS values decreased slightly and had less variability ranging from +49 to +55 ppt, 
and this indicated a more homogenous air mixture due to a more developed PBL, which increased from 21–84 
to 380–519 m for that location. During October, air transport had much more influence on the OCS budget than 
the agricultural land use as it did during the May campaign when the fields were in full photosynthetic activity.

The opposite behavior was observed at the El Prat agricultural site, where a deep PBLH (1,200 m) and regional 
air mass influence occurred in May, while a more stable situation and lower PBLH (691 m) dominated in October. 
In general, the values were similar to the background OCS for May with ΔOCS values of +25, +37, and +22 ppt 
at 7:00 UTC and even higher enhancements at 9:30 (+17, +44 and +173 ppt, Figure 7b). FLEXPART back trajec-
tories in May showed air masses coming from the east with longer residential times located in the sea but still 
received influence from the airport and the port of Barcelona. During the October campaign, El Prat had higher 
OCS enhancements at both sampling times (ΔOCS of +70, +33, and +80 ppt for 7:00 UTC; +7, +122, and +77 
ppt for 9:30 UTC), which, given the low PBLH, suggests a local OCS source. The FLEXPART showed that air 
masses came from the east indicating marine influence and/or from the port of Barcelona, where activities, such 
as air navigation and maritime traffic, had recovered 100% after the lockdown. The lower OCS concentrations 
in May compared to October highlight the significant sink of agriculture during the growing season as was seen 
for the Gavà location.

Figure 7.  OCS enhancement (Δ OCS) in ppt calculated as the measure of OCS minus background OCS (484 ppt for May 
and 407 ppt for October) for each campaign at the two urban parks as follows: (a) Gavà and (b) El Prat. The black arrow 
shows the wind direction and speed measured on site, and the absence of an arrow indicates that there was no wind blowing 
at the moment of measurement. A small map embedded in the lower right-hand corner of each panel shows the residence time 
on a logarithmic scale of the air masses arriving at the sampling site as determined with the FLEXPART model.
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To summarize, the fluctuations in OCS mixing ratios in urban parks seemed to be more heavily influenced by 
the direction and intensity of the wind. In urban forests, there was a clear reduction of OCS compared to urban 
parks and built environment. During the May campaign with the significant traffic reduction due to the COVID 
restrictions, we saw a reduction of OCS concentrations compared to October - leading us to the conclusion that 
anthropogenic sources in urban areas are significant. The peri-urban agricultural areas did not show lower values 
of OCS as was expected, most likely due to the high influence of the airport and the seaport that were close by. 
In general, it was difficult to determine if there was any significant OCS drawdown by vegetation, except in 
urban forested areas, while OCS mixing ratios well above background levels evidenced significant urban sources 
of  OCS.

4.2.  Considerations for OCS Studies in Urban Ecosystems

Anthropogenic emissions are the primary source of OCS on a planetary scale, followed by oceanic flux (Remaud 
et al., 2023), they are significant at the local and urban scales. In our study, the peaks of OCS concentrations were 
mostly due to air masses coming from the port or the city, as was the case for Montjuic in October or Gavà during 
the May campaign, and reached values of 665 ppt for Montjuic and 600 ppt for Gavà (up to ΔOCS of +258 and 
+193 ppt, respectively).

There are various potential sources of OCS in urban areas, such as the erosion of automobile tires against 
asphalt, vehicle exhaust fumes, natural gas combustion and industrial processes including oil refineries and 
aluminum production (Yan et al., 2019). In fact, in their inventory, Yan et al. quantified the total emissions in 
2015 for China alone as 174 Gg S yr −1 with the highest contributions coming from industrial OCS emission 
processes (120 Gg S yr −1). In that same study, the total vehicle exhaust was responsible for 3 Gg S yr −1, which 
is approximately half of the yearly global estimate of 6 Gg S yr −1 given by Lee and Brimblecombe (2016). The 
latter study also indicated that the heavy fuel oil used in ships is a significant source of the OCS budget and 
produces 30 Gg S yr −1. The AMB qualifies for all these potential sources and it has a heavily transited marine 
port that also has a combined cycle gas turbine power plant that runs on natural gas as well as an intense use 
of  private vehicles within the city.

Figure 7.  (Continued)
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Additionally, a broad variety of sulfides are produced by wastewater where volatile organic compounds (VOC) 
such as methanethiol (MeSH), dimethyl sulfide (DMS), carbon disulfide (CS2), dimethyl disulfide(DMDS), dime-
thyl trisulfide (DMTS) and OCS are generated in anoxic environments of sewers (Lee & Brimblecombe, 2016), 
and it has been noted that the microbial activity in these anoxic sediments is closely linked to the production 
of OCS (Kitz et al., 2019). Sulfide emissions from urban wastewater networks are frequently detected due to 
their bad odor as is the case for Barcelona (Eijo-Río et al., 2015) and Thessaloniki (Besis et al., 2021). In our 
study, the sampling sites of Sagrada Familia in October (ΔOCS of +150 ppt) and Poble Nou (ΔOCS of +50 
ppt) concur with locations of a combined sewer system previously reported to have high peaks of H2S, which 
indicated a potential OCS source from wastewater. Unfortunately, constraining this signal from other potential 
urban sources was out of the scope of the present study. However, the observations provided by our measurement 
campaigns could serve to estimate anthropogenic OCS sources when compared to simulations of OCS mole 
fractions combined with emission inventories and plant uptake fluxes as was recently done for the Netherlands 
by Zanchetta et al. (2023).

In terms of vegetated land uses, we found one case of a significant OCS drawdown in agricultural sites during the 
growing season of May. In addition to photosynthetic uptake (Campbell et al., 2008, 2017; Montzka et al., 2007), 
waterlogged soils have been reported to act as sinks of OCS when planted with crops (Yi et  al.,  2008). The 
agricultural fields of the Llobregat basin are mostly irrigated by inundation, which could further intensify the 
OCS uptake and explain the OCS drawdown at 7:00 UTC when photosynthetic activity was high. We also found 
values indicating uptake during the growing season in Collserola Forest, which is in agreement with other studies 
evaluating forest OCS uptake (Belviso et al., 2016; Campbell et al., 2008, 2017).

Finally, determining the influence of land use on the overall urban OCS budget requires a reliable background 
measurement. In general, background levels for OCS are associated with air masses coming from the sea because 
the stability provided by oceans results in constant OCS concentrations, at least at a seasonal scale (Montzka 
et al., 2007), as was the case for San Francisco (Villalba et al., 2021). However, this is not applicable for the AMB 
because the convection regime is quite peculiar. The AMB has a unique land‒sea air mass exchange in which 
sea breezes under specific conditions do not bring new air masses but rather recycle air masses that originated 
over the urban area, however, a deeper research should be done in this regard, since marine contribution cannot 
be neglected. This type of process has been observed by Jaén et al. (2021), who described how ozone plumes 
stay over the shore due to advective processes during heat episodes such as heatwaves. The thermal component 
of convective processes creating episodes of air recirculation on the Spanish eastern coast has also been docu-
mented by Millán et al. (2000), where they outline how the sea breeze can favor the formation of layers of strat-
ified air reservoirs in heights where compounds accumulate that can later return to the land. This particular sea 
breeze circulation constricts local ventilation and exacerbates the accumulation of anthropogenic gases emitted 
in the  AMB.

5.  Conclusions
We performed two measurement campaigns of OCS mixing ratios in the Metropolitan Area of Barcelona (AMB) 
to explore to what extent different urban land uses can have an impact on the OCS mixing ratios measured on 
flask samples regarding a particular urban climate, geography, and topography of AMB. Air samples were taken 
at locations representing four different land uses as follows: urban parks, forests, agricultural fields and impervi-
ous urban landscapes.

Based on the interflask comparison described in 2.3, we determined that the OCS measurement uncertainty can 
be as high as +53 ppt, which reflects that near-surface measurements in urban heterogeneous environments result 
in higher uncertainties than in homogenous rural environments. We also compared average OCS concentrations 
±σ with values observed from ICOS- LSCE in Gif-sur-Yvete (GIF), which were taken at the same moment as 
our campaign (Figure S3 in Supporting Information S1). We observed how mean OCS concentrations and σ in 
the AMB were systematically higher than in GIF, which suggests that anthropogenic emissions could affect the 
increase in uncertainty.

The ability to capture a photosynthetic signal appears weak in vegetated areas within the city, such as parks, and 
is relegated to forests and peri-urban agricultural areas. Urban parks showed values significantly higher than the 
established background value, both in May (i.e., up to +144 ppt) and in October (i.e., up to +150 ppt), which 
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shows the influence of anthropogenic sources, possibly from the port and the city center, which masks the possi-
bility of capturing the signal from the vegetation. The urban forest suggested OCS uptake values up to −33 ppt, 
which indicates a significant photosynthesis sink in denser vegetation masses even within city limits.

The urban area showed a variety of signals from almost neutral to above the background value, which suggests 
nearby emission sources. In our case, we found the explanation of some process values that may be aligned with 
urban traffic but above all with the industrial activity of the port and airport (e.g., high OCS values in Montjuic 
when the wind came directly from the port). We can also think of other biogenic processes that produce OCS 
processes linked to human activity on urban land such as the waste system. These processes should be studied 
in more detail in future works. We have not been able to capture an effect of urban vegetation on OCS uptake; 
instead, the peri-urban area of agriculture and forests may have more important roles in the OCS dynamics in 
cities.

Last, agricultural areas showed a clear drawdown during the growing season for the location of Gavà, where we 
were able to discard regional influences and intense air mixing. OCS enhancements in October reflect the loss of 
photosynthetic uptake and the return to business as usual traffic and nearby airport and port activities.

Overall, the variability of OCS in the urban ecosystem was higher than we expected. The URBAG campaigns of 
OCS measurements showed evidence that the use of OCS as a trace gas to determine the contribution of the urban 
biosphere to the CO2 budget is a complicated task and that the vegetation signal is difficult to detect because local 
anthropogenic activities have a significant influence. The urban ecosystem is complex in terms of land uptake, 
marine emissions, and anthropogenic emissions from the city port, and strongly impacts the spatial-temporal 
distribution of OCS in the AMB and impedes a clear constraint of the biosphere signal.

Data Availability Statement
The data acquired during the URBAG measurement campaigns used for the analysis of land influence in this 
study are available at ZENODO via https://doi.org/10.5281/zenodo.8072833 with Creative Commons Attribution 
4.0 International license (Villalba, G., 2023).
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