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Monitoring CO5 concentrations in urban areas is crucial for determining the efficacy of climate change mitigation
policies. However, highly heterogeneous land use, local geography, and local convection patterns, which vary
throughout the urban landscape, complicate this task. To establish continuous monitoring programs, it is
important to first determine the heterogeneity of urban landscapes on the ground. To understand the role these
factors play in the distribution of CO5 over an urban area, we conducted a CO; measurement campaign over the
Metropolitan Area of Barcelona (AMB) over four urban land uses: impervious, green, forest, and agricultural.
There is a clear tendency for COy mixing ratios to decrease as the degree of urban vegetation increases, even in
the midst of a developed boundary layer. For example, CO» concentrations were 429 and 427 ppm at forest and
agricultural sites, respectively, while 485 ppm was reported at urban sites. A decrease in atmospheric CO; was
observed from 458 to 428 ppm in the gradient from urban to suburban areas, in which the biosphere component
increased. The biosphere component of the CO, signal was significant and was observed in the gradient from
urban to suburban areas, which averaged a reduction from 458 to 428 ppm. Our findings show that the large
spatial variability in CO2 concentrations (ranging from 410 to 495 ppm) is best explained by anthropogenic
activity. We propose increasing the spatiotemporal resolution of CO3 monitoring in the AMB to determine these
trends more precisely over longer periods of time.

uptake by urban biosphere photosynthesis is positively related to the
vegetation fraction in urban landscapes (i.e., Bergeron and Strachan,

1. Introduction

Cities are key players in the Paris Agreement to reduce greenhouse
gas (GHG) emissions since they emit 70 % of the carbon related to the
energy sector (IEA, 2016). Currently, many cities are adopting measures
to reduce carbon emissions through various initiatives, such as the
Green Deal (European Commission, 2019), the Covenant of Mayors
(Covenant of Mayors, 2009) or the C40 (https://www.c40.0rg/)
network. Some of these strategies include increasing urban green
infrastructure (McHale et al., 2007), which can provide carbon dioxide
(CO2) uptake (i.e., Zhang et al., 2019), as well as other ecosystem ser-
vices such as shading, cooling (Rahman et al., 2020), and air pollution
removal (Xu et al., 2020). Some studies have shown that the rate of CO5

2011; Villalba et al., 2021). However, these interventions should be
accompanied by long-term in situ monitoring of the urban atmosphere
gas composition to determine whether and to what extent mitigation
strategies are effective over time. These measurements can also serve to
validate GHG inventory accounts determined by city administration as
well as urban GHG modeling efforts and to create repositories of at-
mospheric C distribution in cities (i.e., da Silva et al., 2019; Lietzke and
Vogt, 2013).

Measurements of CO; in urban areas are difficult to interpret and
attribute to land-use sources and sinks in great part due to the gas
transport provoked by regional and local convection, which is
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influenced by the heterogeneous nature of the urban landscapes (Briber
etal., 2013; Font et al., 2015). The daily cycle of the planetary boundary
layer (PBL) is responsible for air mixing and is in turn influenced by
thermal mixing, moisture, and terrain roughness. Additionally, under-
neath the PBL, the urban boundary layer (UBL) (Oke, 1976) is created by
the difference in mixing ratios occurring inside cities and with the sur-
rounding air (Idso et al., 1998; Jacobson, 2010). The UBL also has a
significant diurnal amplitude depending on temperature, moisture, and
roughness, which affects air mixing: low altitudes in the early morning
rise to a maximum at midday/afternoon and decrease again in the
evening and night (Oke et al., 2017). According to Vogt et al. (2006),
this vertical diurnal pattern of the UBL has a direct effect on the accu-
mulation of CO; near the ground: when the UBL is low, compounds tend
to accumulate near sources due to a lack of mixing, and when the UBL
increases, pollutants scatter (Lietzke and Vogt, 2013). Furthermore, the
spatial heterogeneity of land use within the UBL produces spatial vari-
ations in CO4 (Font et al., 2015). Thus, the capacity to detect changes in
CO4 concentration from a source or sink will be local and dependent on
the diurnal moment (Henninger, 2008; Strong et al., 2011).

Efforts to monitor urban CO, with in situ measurements include
urban-wide networks of online analyzers, sensor networks and eddy
covariance measurements. Several cities have implemented networks of
highly sensitive instruments to measure GHGs, such as the city of Paris
(Xueref-Remy et al., 2018), which started in 2010 with five measure-
ment stations equipped with cavity ring-down spectroscopy Picarro
analyzers distributed among urban, peri-urban, and rural areas. The
Indianapolis Flux Experiment (INFLUX) also started in 2010 to develop
and improve methods for GHG emissions from cities by employing at-
mospheric GHG measurements from both towers and aircraft (Davis
et al., 2017). The Salt Lake Valley CO, Observational Network has been
continuously measuring near-surface CO3 mole fractions during the last
two decades using a network of infrared gas analyzers at urban and rural
sites (Pataki et al., 2003; Ehleringer et al., 2008). In cities such as Ber-
keley (Kim et al., 2018) and Seoul (Park et al., 2020), there are ongoing
initiatives of sensor networks that measure GHG concentrations and
their spatial distribution in the urban landscape, using multiple colo-
cated sensors for calibration to improve the accuracy necessary for
urban studies. With the BEASCON2N sensor network in Berkeley,
McKain et al. (2012) also found that superficial measurements using
commercial sensors were more sensitive to small-scale processes and
increased the predictive capacity of a mesoscale model by 15 %. Eddy
covariance flux (EC) measurements are used in urban areas to measure
CO; fluxes (Velasco and Roth, 2010). The EC method is useful for
determining emissions over a confined area that is directly dependent on
the height of the instrument; thus, EC studies are, in most cases, limited
to the neighborhood scale and cannot be extrapolated for the entire
urban area. In general, observations are made in strategic locations of
the urban landscape to determine the influence of geography, topog-
raphy, and land-use type on CO5 concentrations.

Several studies have attempted to understand how land use in-
fluences CO, mixing ratios in urban areas. For instance, Hundertmark
et al. (2021) attempted to quantify the role of urban land cover in local
CO, budgets by modeling three Boston university campuses with
different landcover proportions; they found that the proportion of
biogenic respiration versus anthropogenic emissions on each campus
varied from 0.5 % to 2 %, representing a small fraction of overall
emissions. In a study of the city of Los Angeles, Wang et al. (2022) used
ground-based measurements and determined that the most important
factor explaining CO5 mixing ratios in their study was traffic reduction.
A similar result was found in a recent study by Zhu et al. (2022) using
ground-based observation values in the city of Shanghai, where they
compared three urban land uses (green, residential and roadside) and
determined that the increase in CO, concentrations among sites was
correlated with both vegetation decrease and traffic increase.

We would like to add to this emerging field of urban in situ CO,
observations to understand the role of land use in the urban carbon
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footprint by providing the results of two CO2 measurement campaigns
that occurred in the Metropolitan Area of Barcelona (AMB) during May
and October 2020. Notably, during May 2020, the AMB experienced full
lockdown due to COVID-19, which resulted in transport-related emis-
sion reductions of up to 75 % (Badia et al., 2021) and thus provided a
better opportunity to constrain the biosphere signal than during normal
activity. During October 2020, economic activity returned to normal
and provided a more typical anthropogenic signal.

The overall objective of these observations is to explore how various
land uses in urban regions, such as agriculture, parks, urban forests, and
built areas, affect the CO5 budget in cities while understanding the role
of atmospheric processes in the transport and distribution of CO3. As
with many other cities that have signed the reduction commitment of
the Paris Agreement, the AMB has committed to reducing carbon
emissions by 40 % by 2030 (Barcelona’s Climate Plan, 2018-2030);
however, there is currently no monitoring of CO; to quantify the prog-
ress toward this target. The monitoring campaigns described here were
strategic previous studies to determine the key measurement locations
to set up the first continuous monitoring network for the AMB, and we
hope its documentation will also provide useful guidance to other cities
that are in the process of planning CO5 monitoring. The CO5 sampling
campaign was funded and carried out by the ERC Consolidator project
URBAG, with the overall aim of understanding the differences in carbon
mixing ratios that occur throughout the day due to the heterogeneity of
the urban area.

This research is the first attempt to assess the CO, mixing ratios and
distribution of the AMB in terms of land use, orography, and atmo-
spheric dynamics. The conclusions from this study are key in defining a
future strategy for continuous CO2 monitoring and highlight the rele-
vance of CO; observations in urban planning.

2. Methods
2.1. Study site

The study area is the metropolitan area of Barcelona (hereafter
referred to as the AMB), which is located in northeastern Spain
(41°15°48.6"N 1°50°49.2"E: 41°32°01.7"N 2°17°46.7"E). The AMB is the
second largest urban area in Spain, the 7th largest in the EU, with
636 km?, and one of the most highly populated regions in Europe, with
over 5 million inhabitants (16157 people/km?). It is bounded by the
Besos River on the North, the Llobregat River on the South, the Coll-
serola mountain range to the West, and the Mediterranean Sea to the
East, as shown in Fig. 1. Barcelona has an annual precipitation of
612 mm occurring during spring and autumn, with a mean annual
temperature of 16.5 °C and a Mediterranean dry subhumid climate. The
AMB is within one of the most industrialized areas in western Europe
(Querol et al., 2004), where anthropogenic emissions are important
contributors to GHGs, with 2.7 tons of COy equivalent/capita (Harris
et al., 2020). The orography of the city ranges from 0 m asl on the
coastline to 512 m asl in the coastal range parallel to the sea northwest of
the city. The day and night transitions of the sea/inland breeze together
with the urban heat island effect cause a complex structure in the at-
mospheric boundary layer, modifying the temperature and dispersion of
contaminants (Soler et al., 2011).

Land use in the AMB is distributed in the following manner: 58 % of
the land surface (35,227 ha) is classified as green or vegetated and is
composed of urban forest (47 % or 17,418 ha), peri-urban agriculture
(14 %, 5500 ha) and urban parks (6 %, 2257 ha). The remaining 42 %
(26,283 ha) is covered by built-up urban infrastructure (buildings,
roads, industry, etc.). Land uses are shaped by physical constraints;
crops are cultivated on coastal plains, and urban forests, composed of
pine and Holm oaks, are located in the Collserola and El Garraf moun-
tain ranges at relatively high altitudes (brown in the upper right map).
Most of the urban area is at sea level, as shown in the map on the right
(green). The urban green spaces are populated with ornamental species,
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Fig. 1. Map of the metropolitan area of Barcelona showing the sampling sites. A) Land-use map with sampling locations in the AMB, based on Mendoza et al. (2023).
Each sampling site is represented by a color, and the three locations of each color represent the upwind site, sampling site, and downwind site locations. B)
Orographic map; different colors indicate meters above sea level (m.a.s.l.). The mountain range in the northern part of Panel A is Collserola, and the mountainous
area that delimits the southwestern part in Panel A is the El Garraf mountain range.

ranging from acacias to plantain trees and ornamental shrubs and
grasses, some of which are composed of invasive species. The urban
green areas are scattered throughout the orography, giving rise to higher
and lower areas (Fig. 1a).

2.2. Field campaign

Air samples were collected at eight sites that were strategically
selected to represent the heterogeneity of land use throughout the AMB,
as shown in Fig. 1a. Gava and Prat were classified as agricultural areas,
Tibidabo and Collserola were considered urban forests, Montjuic and
Guinard6 were considered urban green areas, and the last two sites,
Sagrada Familia and Poble Nou, were impervious built surfaces, here-
after referred to as urban areas (see Table S1 for pictures and descriptions
of these sites). We collected pairs of air samples at three different lo-
cations for each site, namely, the upwind site, sampling site and
downwind site (hereafter referred to as upwind, site, and downwind,
respectively), at the same time, simulating a Eulerian approximation in
which the sampling point remained fixed (Leeldssy et al., 2016). The
upwind-site-downwind trajectory was determined based on the pre-
dominant wind pattern associated with each location at that time of day
and season, available from the Meteorological Service of Catalonia
(https://apidocs.meteocat.gencat.cat/). The "site" location was always
in the middle of the sampling trajectory (i.e., when measuring the urban
green area, "site" was always inside the vegetation body), as shown in
Fig. 1a. The distance between the upwind, site, and downwind locations
ranged from 500 to 4000 m depending on the access for sampling and
the dimensions of the item selected for study.

With the overall aim of understanding differences in COy accumu-
lation occurring between night and midday to coincide with the most
intense activity of photosynthesis, we collected samples at 7:20 and 9:50
UTC for all upwind, site, and downwind locations from 18-29 in May
2020 and 15-24 in October 2020. The measurements were made on
consecutive days to preserve similar atmospheric conditions as much as
possible. Additional samples were collected at the Gava, Tibidabo and
Poble Nous sites at 4:20 and 11:20 UTC during the campaigns. These sites

were the farthest east, north, and south, a triangle encompassing the
AMB, which allowed us to determine how winds coming from different
directions into the city influenced the variability in CO2 mixing ratios. In
addition to the sampling sites, online continuous CO, measurements
were available from the ICTA building on the university campus, which
is characterized by sparse buildings and greenery but has a major
highway a few hundred meters away.

The first part of the campaign occurred between May 18th and June
15th, 2020, during a period of intense transport restrictions and a
reduction in occupational activity in the entire AMB due to the COVID-
19 pandemic. According to Google mobility reports, during these 15
days, transport mobility was 67 % less than normal at the beginning,
and it slowly recovered, reaching a 49 % reduction at the end (Google,
2020). The second part of the campaign occurred from October 13th to
27th during regular economic activity and mobility. The two campaigns
occurred during the growing season, which for the Mediterranean
climate lasts from April until October/November. The weather was
stable and sunny during both campaigns. We recorded temperature, air
pressure, and wind direction and speed using a portable Skywatch
(Xplorer 4) for the upwind, site and downwind locations of each site.
The data are available in Table S2 in the supporting information. The
relative humidity data were obtained from the Meteorological Service of
Catalonia (https://apidocs.meteocat.gencat.cat/) for May and from a
portable hygrometer for October (TFA Dostman GmbH & Co. KG). Air
density was calculated using the air pressure, air temperature and
relative humidity measured at each upwind, site, and upwind location
using Eq. (1):

Pd Py (1)
Ra*T R, T

p=

where p is the air density (kg/m3); py is the partial pressure of dry air
(Pa); Rd is the specific gas constant for dry air, 287.05 J/(kg-K); T is the
temperature (K); pv is the vapor pressure of water (Pa); and Rv is the
specific gas constant for water vapor, 461.495 J/(kg-K). We also calcu-
lated the altitude density (AD) of each sample using an online density
altitude calculator (www.omnicalculator.com) based on the
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International Standard Altitude model (ISA model). AD is the height in
meters above mean sea level where an air mass is located under standard
atmospheric conditions according to its physical temperature, relative
humidity, and pressure. In our case, we used AD to establish whether the
air sample behaved as an air mass from a higher or lower altitude than
where it was measured; i.e., if the sampled air had a higher AD than its
measurement height, then we would expect a more well-mixed sample.

2.3. Sampling method and analysis

Two flasks per sample were collected using a sampling device that
consisted of two 1-liter cylindrical borosilicate glass flasks (Normag
Labor und Prozesstechnik GmbH, Germany) with Kel-F PCTFE valves
fitted at both ends and a KFN air pump (Model N84.4 ANDC B - 24 V)
(Fig. S1 in the supporting information). This material has shown the
lowest permeation of gases compared to other sealing materials (Sturm
et al., 2004). Air was collected at 3.5 m above ground level (m agl) and
was pumped to the two flasks after passing through a magnesium
perchlorate desiccant tube to remove moisture and a filter to remove
particles. The flasks were flushed for at least 10 min, and the flow rate
was recorded (between 2.0 and 3.5 L min~!). After flushing, the exit
valve was closed, and the flasks were pressurized with sample air to
approximately 1.5 bars.

Two differential, nondispersive infrared gas analyzers (Licor7000)
mounted in series were used to analyze the flask samples, and the sample
measurement precision was improved by the ‘in-series’ configuration.
Each Licor7000 analyzer measured CO, and H,0 vapor simultaneously
on a sample and on a reference gas at a regulated flux of 0.09 L min™_.
The backspace between the flask valve and the analyzer inlet was
emptied between measurements. Both Licor700 analyzers had been
previously modified; therefore, the pressure in the sample and reference
cells was adjusted by an external backpressure regulator at the end of the
line to maintain constant pressure throughout the analysis time. A Valco
multivalve switched between calibration standards, samples, and
reference gas. The reference gas was used to calculate the drift, which
was always measured between samples and/or between references. An
extended explanation of the procedure and the analyzing instrumental
configuration can be found in Curcoll et al. (2019). The CO; values that
appear in this study are the mean values of both analyzers. The mea-
surement precision improved when the two Licor7000 analyzers were
used in series.

Each flask was analyzed for 7 min to avoid compromising the sta-
bility of the measurements or the flow pressure drop. Then, the calcu-
lations considered only the last 30 s. Additionally, we avoided analyzing
flasks the same day they were sampled to avoid errors resulting from
instrument variability and differences due to calibrations. The two
Licor7000 instruments were calibrated at the beginning and at the end
of the day during the analysis. We used four secondary standard cylin-
ders that were calibrated with National Oceanic and Atmospheric
Administration (NOAA) standards (WMO X2007 scale; Zhao and Tans,
2006). We estimated the uncertainties in the measured concentrations
stemming from both sampling methods by using duplicate flasks in se-
ries and by using two LICOR 7000 spectrometers in series (Tans et al.,
1990). The average intraflask standard deviation of both analyzers was
0.164 ppm and increased from May (0.04 ppm) to October (0.269).
However, the intraflask accuracy under ¢ <0.2 ppm (WMO X2007 scale)
was 86 % for the samples collected in October, and the total accuracy of
the samples collected in May was high. The interflask variability was
0.698 ppm and was lower in May (0.237 ppm) than in October
(1.044 ppm) (Table 1). Six percent of the analyses had intraf-flask o
values above 0.2 ppm, and 7 values had ¢ values between 1 and
2.5 ppm. These highly dispersed values corresponded to flasks with
concentrations between 500 and 600 ppm, with one exception (Fig. S2).
For our posterior analysis, we did not exclude any data.

In addition to the samples, we also performed online, continuous CO5
measurements from a CO2/CH4/H20 PICARRO INC analyzer (G-2301)
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Table 1

Average ([]) intra- and interflask standard deviation (o) for all samples (Total)
and for the May and October campaigns. Percentage of samples with an intra-
flask precision 6 <0.2 ppm (WMO X2007 scale) using the two Licor7000 ana-
lyzers in series. For a graphical representation of the CO, concentration (ppm)
versus the standard deviation (o), see Fig. S2.

O 6 <0.2 ppm O
Intra flask) (Intra flask) Inter flask)

Total 0.156+0.416 94 % 0.674+1.636
May 0.038+0.037 100 % 0.237+0.541
October 0.290+0.578 86 % 1.045+2.236

installed at the Institute de Ciencia i Tecnologia Ambientals site (ICTA,
41°29°51.0"N 2°06°32.0"E, 147 m asl GHG monitoring network of the
Metropolitan Area of Barcelona, www.urbag.eu/ghg/) located down-
wind from the Collserola range in the Valles Occidental Valley (see
Fig. 1a). An auxiliary pump was used to pump the air sampled at the
rooftop to the instrument at a flow rate of 8 I/min through a 20 m 1/2"
diameter Synflex piping system.

The Picarro G-2301 instrument uses the cavity ring-down spectros-
copy technique (Crosson, 2008) and measures CO2, CH4 and H30 at a
frequency of 1 Hz with a precision of <200 ppb for CO2, <1.5 ppb for
CH4 and <150 ppm for H0 according to the manufacturer’s specifica-
tions (Richardson et al., 2012). Picarro values were corrected for water
vapor as described by Rella et al. (2013), and a linear calibration curve
was calculated every two weeks in the laboratory using four reference
gases (calibration scales of WMO-C02-X2007). The continuous mea-
surement of CO; at the ICTA, which is located on the western side of the
Collserola mountain range away from the city of Barcelona, allowed us
to treat the ICTA site as a regional reference and compare temporal CO,
oscillations against the samples. We averaged the values every hour on
the days of the campaign and used those values as a regional reference
for the CO; values of the AMB. The comparison between ICTA and other
measurement sites can help discern between local effects and temporal
effects among sites and times.

2.4. Data analysis

We represented the variability of CO; at the various locations and
sampling times using box plots to interpret the influence of land use. K-
means clustering was applied using weka software (Frank et al., 2017) to
classify values from different CO2 mixing ratios and ADs. With the
clustering, we studied whether changes in CO, observed throughout the
day were related to changes in air masses (i.e., if higher mixing ratios
were grouped with similar ADs). The K-means algorithm divides the
samples into K clusters of equal variances by minimizing the sum of the
squared distances of the samples to their closest cluster center. The
number of K clusters was chosen according to the distribution of the data
as k=3, and the k groups showed well-defined differences in AD and/or
mixing ratios. The cluster center is described by the mean of the samples
Hi (Eq. (2)):

Z:‘:Omin x; — pj\z (2)

where x; are the data points in the cluster, b is the centroid of the x;
cluster, and min |x; 7pj|2 assigns the data point x; to the closest cluster
judged by its sum of the squared distance from the cluster’s centroid
from a sample of n values.

Radiosonde measurements to calculate the planetary boundary layer
(PBL) height were available at 0:00 and 12:00 UTC from the Barcelona
radiosonde station (on the roof of the Faculty of Physics of the University
of Barcelona at 41°23°03’” N 2°07°01"’E), which is part of the Global
Meteorological Network (https://public.wmo.int/en/programmes/glob
al-observing-system). To determine the height of the PBL, we followed a

robust numerical procedure proposed by Liu and Liang. (2010). A
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complete explanation of the method is provided in the supplementary
material (Appendix 2).

3. Results
3.1. Spatial distribution of CO2 sources and sinks

In general, there is a clear tendency for CO, mixing ratios to decrease
as the degree of urban vegetation increases and human activity de-
creases. Fig. 2 reflects this trend by grouping the concentrations of the
upwind, site, and downwind samples, showing the median, maximum,
and minimum values for both the May and the October campaigns.
During the May campaign at 7:20 UTC (9:20 local time), the CO5 con-
centrations were 429 ppm and 427 ppm at the forest and agricultural
sites, respectively, lower than those at the urban green sites (431 ppm
for Guinardé and 471 ppm for Montjuic), and much lower than those at
the urban sites (487 and 485 ppm for Poble Nou and Sagrada Familia,
respectively) (see Table S2 in the supporting information for the full list
of CO;, concentrations for each site). This tendency held a few hours later
at 9:50 UTC (11:50 local time, during the May campaign), when urban
green sites still had higher CO, concentrations (431 ppm) than sites with
higher agricultural and forest vegetation fractions, which had lower
concentrations of 15 ppm (416 and 417 ppm, respectively).

The boxplots show more CO dispersion in October than in May (on
average: May 438 +24 ppm and October 440+30 ppm). In May at 7:20
and 9:50, the mixing ratios were agricultural: 43248 ppm and 419
+6 ppm, urban forest: 434+14 ppm and 417+3 ppm, urban green: 452
+22 ppm and 43146 ppm, and urban (at 7:20 only): 482+16 ppm,
respectively. In October at 7:20 and 9:50, the mixing ratios were agri-
cultural: 439+18 ppm and 436+20 ppm, urban forest: 417+1 ppm and
415+2 ppm, urban green: 447415 ppm and 429+10 ppm, and urban:
471454 and 427413 ppm, respectively. At 7:20 UTC, green and agri-
cultural sites were 50 ppm lower than urban areas in May and
27-35 ppm lower in October. However, as morning progressed, the
differences in CO2 concentrations among the sites were not as significant
in either campaign (9:50 UTC).

A decrease in CO3 from 7:20 UTC to 9:50 UTC was observed equally
at the upwind, site and downwind locations (Table S2). Higher
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elevations (107-442 m asl) classified as forest (Collserola 9:50,
414 ppm; Tibidabo 9:50, 419 ppm) presented lower mixing ratios. Low
CO5, concentrations were also detected in low-elevation locations (0-2 m
asl) classified as agricultural sites (El Prat 9:50, 414 ppm). In general,
higher altitudes and deurbanized areas had lower CO, mixing ratios.
Three-dimensional representations of altitude, latitude (south to north)
and longitude (west to east) are provided in Fig. S3 in the supporting
information.

The wind roses represented in Fig. S4 in the supporting information
show that, in general, for the AMB, winds in May were predominantly
northwest at 4:20 UTC but were arriving from all directions at 7:20 UTC;
additionally, in May, there was a change from stable to breeze condi-
tions between 9:00 and 11:00. As the day progressed, the AMB received
more wind influence from the south to southeast, with sea breezes at
9:50 and 11:20 UTC. On the other hand, during October, northwestern
winds were predominant all morning until 11:20 UTC, at which point
the wind speed decreased and the influence of southern winds became
more prevalent. Fig. S4 shows that sea breezes started earlier in May
than in October. However, local winds measured at the time of sampling
were less consistent, replicating the wind pattern shown in Fig. S3, and
at the microscale, we observed gusts from all directions (Fig. 3).

Additionally, Fig. 3 shows the CO5 enhancement as the difference
between the concentration at the sampling site and the ICTA location.
Spatially, we observed a positive increase in COy concentrations in
urban areas and a negative or neutral increase in agricultural and
forested areas. These differences were most significant and reached
25 ppm at 7:20 UTC (see Fig. 3a), whereas at 9:50 UTC (Fig. 3b), the
increase in CO; was less than 10 ppm. At 7:20 UTC, locations classified
as agricultural, urban forest and urban green were up to 25 ppm lower
than the values recorded at the ICTA, whereas the urban impervious
sampling locations (Sagrada Familia and Poble Nou) were up to 35 ppm
above the ICTA reference values. It was more difficult to observe
changes in CO3 mixing ratios between locations at 9:50 UTC.

The greatest differences from the ICTA site were detected at three
upwind sites in the city at 4:20 UTC. Surprisingly, both Gava, on the
coastline, and ICTA, located 14 km inland, had the highest CO5 con-
centrations at 4:20, with values of 478+14 ppm and 478+20 ppm,
respectively. Tibidabo recorded the lowest COq values at 4:20, 425
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Fig. 3. Spatial representation from the sampling sites showing the increase in CO at the different locations from the reference data at the ICTA site. The color
gradient shows ACO,, where positive values are above the reference measured at the ICTA at 7:20 (a) and 9:50 UTC (b). The arrows represent the wind directions and
velocities measured in the field; the maximum speed was 2.7 m s, and the absence of an arrow indicates that the wind velocity was 0 m/s.

+8 ppm, and Poble Nou recorded 445423 ppm (Fig. 4). The marked
differences in concentration between places were probably related to the
boundary layer. Figure S5 shows that the nocturnal PBL measured at
0:00 UTC was consistently lower than 500 m for both May and October,
with the exception of May 26. We believe that in our measurements at
4:20 UTC, the boundary layer remained low, leading to greater differ-
ences in the accumulation of pollutants at the different measurement
sites, while as the day progressed at 7:20 and 9:50, the air dissipated.
During the spring, there was greater variability and higher concentra-
tions in the early morning at 4:20 UTC (average value of 45628 for all
sites), whereas concentrations homogenized and decreased significantly
in the late morning at 11:20 UTC (average value of 4188 for all sites).
In October, the values were very similar between places, and there was
less variation between night and noon than in May.

We also performed a statistical analysis of variance ANOVA to
determine whether land-use type or human activity had more influence
on the CO, concentrations. We use the measurement data of both
campaigns at 7:20 UTC since this is the most complete dataset (we lack
measurements of the urban impervious at 9:50 in May as can be seen in
Fig. 2 of the manuscript). This time of day is also the most interesting to
observe differences since it is when the PBL is still underdeveloped, and
air mixing has not yet occurred- thus concentrations can be attributed to
local sources and sinks. To apply the ANOVA method, we used
“campaign period” and “land use” as fixed factors and the response
variable is “CO, concentration”. Mean values were compared using LSD
Fisher’s post-hoc test (p<0.05), that is a pairwise procedure to compare
several treatment groups. The statistical analysis showed that there were
significant differences of CO2 concentrations between land-uses (p-

value= 0.0004) independently of the campaign period. No significant
differences were found for the fixed variable “campaign period” May
and October (p-value=0.74) or its interaction (p-value=0.776),
reflecting that land-use has more weight on the concentration variability
than the campaign period. For full details of this analysis please check
Supporting Information (appendix S1).

3.2. Diurnal patterns of CO2 mixing ratios

To understand the temporal patterns of the CO2 mixing ratios inside
the study area, we plotted discrete CO2 concentrations sampled at the
sites and the continuous concentrations at the ICTA site analyzed online
by the Picarro instrument (shown in Fig. 5). In general, CO; from the
different sampling locations (represented by dots) followed the same
temporal fluctuation as that of the ICTA site, with the highest CO,
concentrations occurring in the early morning hours and the lowest
concentrations occurring at midday, as can be expected from the more
developed PBL. When the values at the ICTA site were high, the values at
our sampling sites were also high, with some exceptions (i.e., May 21
values of approximately 490 ppm for both the ICTA and Poble Nou and
October 20 values of approximately 530 ppm for both the Sagrada
Familia and the ICTA). Similarly, when we measured lower values, the
ICTA also recorded lower concentrations (i.e., May 25, El prat = values
of approximately 420 ppm in both places; October 20, Sagrada Familia
at 9:50= values of approximately 430 in both places). The highest values
of CO, were recorded between midnight and sunset and ranged from
440 to 480 ppm in May and up to 550 ppm in October. By midday and
early afternoon, the concentrations generally decreased to
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410-430 ppm at the ICTA. The decrease in the concentration of COy
between 7:20 and 9:50 was 17 ppm on average. In October, we found
values that were above those of the ICTA tower at Sagrada Familia at

7:20 UTC and Montjuic and values that were below those of the ICTA
tower at the Guinardd, Gava and El Prat sampling sites, while Poble Nou
recorded similar air CO5 concentrations as the ICTA. In October, we
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could say that locations with green infrastructure had lower concen-
trations of CO5 at 7:20 UTC.

3.3. Changes in air masses and CO2 mixing ratios

To understand the contribution of land use to the urban CO, budget,
we also need to consider the influence of air transport on CO2 concen-
trations throughout a city. We first evaluated the influence of the PBL on
mixing ratios using values obtained from the radiosonde, as shown in
Fig. S5. The PBL followed a typical day—night oscillation and ranged
from approximately 300-500 m asl at night to between 700 and 1800 m
asl at midday (Fig. S5). The increase in the PBL at midday matched the
decrease in COy observed in our measurements (Fig. 4), indicating air
mixing. A comparison of Fig. S5 with Fig. 5 revealed that few days had
low CO; concentrations (May 18 and 19 and October 23) with a
developed PBL, in contrast to May 20, which had a lower PBL and higher
CO9 mixing ratios. However, on some days, such as October 20, we also
obtained high CO, mixing ratios with high PBL development. Therefore,
we can suspect that there were more factors involved in the changes in
CO;, than only in the PBL behavior.

In addition to analyzing the PBL, we also wanted to gather infor-
mation about the influence of the UBL on air mass transport. Since the
UBL is much more difficult to determine, we used altitude density (AD)
as an indicator of the UBL since the UBL height is determined by changes
in air density and heat during the day. Fig. 6 shows three regions in the
air column according to the AD and CO, mixing ratio: 1) an upper region
characterized by low CO, (<450 ppm) and high AD ranging between
800 and 1600 m in May and between 500 and 1500 m in October, which
included all the Tibidabo sites exclusively. We hypothesized that the
Tibidabo sampling sites were located in the upper layer of the UBL (the
mixed layer as described by Fernando (2010)), and the low CO2 con-
centrations were due to the good mixing available. 2) An intermediate
region formed by low CO5 mixing ratios (450 or lower) and low to in-
termediate AD, ranging from 100 to 900 m in May and from
—100-500 m in October, reflecting a good mixing zone. The samples in
this cluster were collected from all sites except Tibidabo, mostly at 9:50
and 11:20 UTC but also included a few samples collected at 7:20 UTC.
These findings suggest that the rest of the locations were in the constant
flux layer of the UBL depending on the time of day. 3) Finally, we found

A

B October
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a third cluster or lower region, with low AD (500 m or less in both
campaigns) and higher CO5 concentrations (composed mainly of sam-
ples collected at 4:20 and 7:20 UTC from all sites but Tibidabo in May
and for Montjuic, Sagrada Familia and Prat at 7:20 UTC in October). In
this lower region of the UBL, such as the urban canopy layer or the
roughness layer, the high CO, concentrations suggest CO3 accumulation
due to the reduction in air dispersion and a reduced UBL and PBL in
these early morning hours. The fact that the CO, accumulation at 4:20
UTC was opposite between May and October could provide information
on how the UBL behaves in the urban area between campaigns, although
with our data, we cannot draw clear conclusions as to why this is due.

Fig. 6 also shows that the highest concentrations of CO, generally
occurred between 4:20 and 7:20 UTC, with some discrepancies between
October and May. In general, CO> concentrations during the morning
and at sunrise showed more stratification through the AD gradient,
while CO, concentrations decreased and AD increased throughout the
morning.

4. Discussion
4.1. Sources of variability of CO2 mixing ratios in an urban area

The main sources of CO, mixing ratio variability that we found
during this study were land use, convection (gas transport), and the PBL.
The sample measurement precision was improved by the ‘in-series’
configuration, and the dispersion from the analysis method was reduced
to less than 0.2 ppm in 94 % of the cases, while the dispersion from the
sampling collection method was 0.674+1.636 on average. This type of
analysis revealed two factors. First, we achieved high precision in each
individual sample analysis, which corresponds to the standards required
by WMO (Crotwell and Steinbacher, 2018) for most of our samples. On
the other hand, it highlights the importance of the heterogeneity that the
urban environment entails and that is reflected in the collection of air
samples using the double flask method, showing a variation of up to
2 ppm in the few minutes of filling each of the samples. This type of
sampling is of great interest when we establish the best points to install
continuous monitoring networks; therefore, it can be a very useful tool.
In this study, we demonstrated the work prior to the installation of the
GHG urban monitoring network for the AMB.
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4.2. Land use

In terms of land use, we generally found higher CO, concentrations
inside urban areas (e.g., Sagrada Familia, Poble Nou, and Montjuic) than
in suburban or peri-urban areas (Gava, Collserolla, and Tibidabo). In
terms of land use, urban sites (Poble Nou and Sagrada Familia)
contributed 31 ppm more CO than did ICTA, while agricultural sites
contributed up to 50 ppm less CO», forest sites contributed 26 ppm less
CO4 and urban green sites contributed up to 60 ppm less CO, than did
ICTA (Fig. 3). This trend of lower values of CO; in forested and agri-
cultural areas and higher values in urban areas is consistent with other
urban studies that have found higher CO2 emissions in downtown,
impervious urban areas (i.e., COy emission distribution in the Toronto
area, Pugliese et al., 2018) and lower values in forested spaces (Briber
et al., 2013). Bergeron and Strachan found a clear decrease in CO; fluxes
from urban to suburban and agricultural areas in Montreal and
concluded that the lower emissions were due to vehicular traffic con-
tributions decreasing from 11.5 ymol m~2 s~ in urban areas to 4.8 ymol
m~2 s~! in suburban areas (Bergeron and Strachan, 2011). Lee et al.
(2017) found, using eddy covariance, that downtown areas emitted
3-5 times more CO, than did peripheral areas and that mixing ratios
increased by 24-39 ppm from green suburban areas to downtown areas.
Our study revealed an average decrease of 35 ppm in the CO, mixing
ratio as we approached suburban areas compared to downtown areas,
which was linked to this vehicular reduction occurring from urban to
suburban areas.

Consistent with our results, Da Silva et al. (2019) suggested that
urban forests contribute to CO2 mitigation by a dilution effect from the
urban emissions that are produced in less populated areas, and an effi-
cient spatial mixing of air masses that decreases mixing ratios by 4-5 %;
in our case, a reduction from urban to peri-urban (forest and agricul-
tural) areas, was on the order of 4-7 %. A trend toward CO- reduction in
the suburban areas was observed during the day but not at night at sites
such as Gava and ICTA, which experienced high CO5 accumulation at
4:20 UTC in May and were much greater than those at the urban site in
Poble Nou during the same hour. This increase in CO; during the night
could be the result of an accumulation of CO» from plant respiration in
Gava and/or industrial activity in the Valles area near the ICTA site,
which accumulated pollutants despite the decrease in the UBL at night.
Poble Nou received less local emissions from biogenic (trees) or
anthropogenic (traffic) sources at 4:20 due to low green areas and the
reduction in transport at night.

Another factor affecting the CO, mixing ratio was the altitude. We
observed CO; concentrations up to 40 ppm lower in the Tibidabo up-
wind location (the highest location at 442 m asl) than in other locations
sampled at the same time but at sea level, such as Gava and Poble Nou
(~0 m asl). The Tibidabo location, which always had lower concentra-
tions, was more affected by upper cleaner air masses than the other
locations. We can explain this decrease in mixing ratios by a combina-
tion of factors such as the contribution of the urban biosphere to CO5
capture (forest) and a reduction in anthropogenic activities such as
traffic in this area, as well as by the increase in air mixing resulting from
a higher altitude compared to the rest of the locations. That is, Tibidabo
could be located above the UBL. Gao et al. (2018) found a similar
gradient in a transect in the city of Najin, China (0-110 m agl), and
attributed the difference in CO5 to the presence of two air masses with
different mixing ratios. These authors attributed the decrease in COy
between 65 and 110 m a.g.l. to efficient mixing ratio phenomena
occurring under the UBL, which could be the same for us at the Tibidabo
location.

4.3. Sources and sinks: fuel combustion and urban vegetation
In terms of local processes, we investigated how COy mixing ratios

are influenced by CO5 uptake and emissions from urban vegetation and
fuel combustion processes, both domestic and industrial, including
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marine ports. The sources and sinks of CO5 mixing ratios in the AMB can
be attributed to local processes because the wind speed never exceeded
2.7 m s~ ! during the two campaigns. A similar behavior was noted in a
recent study by Xueref-Remy et al. (2018) for the city of Paris, where
local CO, sources were clearly detected when wind speeds were lower
than 3 m s~!, while winds between 3 and 9 m s~* were able to capture
the effect of city emissions at urban stations but not at rural sites.

Although the net capacity for CO5 uptake by the urban biosphere is
still not well known, our study is consistent with others in that the
contribution of urban green areas to reducing CO, concentrations is
significant. Bergeron and Strachan (2011) found a change from source to
a slight sink of CO, by increasing vegetation presence when moving
from urban (emitting 204 t CO, hal yearl), suburban (emitting 54 t CO,
ha! year!) to agricultural areas (capturing 2 t CO ha' year!) in Mon-
treal. Similarly, for the city of Boston, Briber et al. (2013) observed that
increasing vegetation reduced the CO, mixing ratio by an average of
6.7 ppm compared to that in the urban sector when surrounded by
forest, but there were no differences in heterogeneous suburban areas. In
our case, the CO, mixing ratios also decreased when moving away from
urban to peri-urban areas, but this phenomenon could also be related to
anthropogenic activity reduction occurring as we moved from highly
traffic-congested areas; however, during the lockdown, this was not the
case in May. In our case, the urban sites had the highest CO, ratios, at
458+ 41 ppm on average, and we also found that the urban parks had
lower CO» ratios (439+ 17 ppm) than did their neighboring all-urban
areas. This can be interpreted in two ways: 1. the urban biosphere
contributing to the absorption of CO, and 2. an increase in the distance
of the emission focus. This indicates that the urban biosphere contrib-
utes to the uptake of CO3 directly through C uptake but also indirectly
through the creation of spaces with lower anthropogenic activity.
Finally, agricultural sites (432+ 16 ppm) and forests (423+ 12 ppm)
had the lowest concentrations.

However, differences were clearer in May than in October and
mostly occurred at 7:20 UTC, as represented in Fig. 2, which could be
attributed to the reduction in anthropogenic activity occurring during
that period. We found more dispersion in October than in May; one
explanation is most likely the 40-60 % reduction in mobility during May
(Badia et al., 2021), which permitted better capture of the biogenic
signal. Additionally, there was a very clear decrease in CO, concentra-
tions as the day progressed from 7:20-9:50 UTC, which we mostly
attributed to the development of the PBL favoring air mixing.

In fact, Kennedy et al. (2009) estimated that ground transportation in
the city of Barcelona accounted for 28 % of total GHG emissions, which
is expected to decrease by 15 % from the current emissions related to
changes in mobility, with an increase in electric vehicles (BCN, 2022).
With the reduction in transportation in May 2020, the estimated
contribution of total GHG emissions was still 12-17 % of that in October
2020. Other sources of emissions in the city of Barcelona were deter-
mined to be essential industrial activities (i.e., transport and production
of first-need supplies) that did not decrease during May. On the other
hand, aviation was described as the major source in Kennedy et al.
(2009), and it decreased during the pandemic. However, the difference
in activity did not translate to a general increase in the average CO;
mixing ratio between May (439426 ppm) and October. That is, when we
examined in detail mixing ratios at urban sites, we observed a decrease
from May to October, but at the same time, dispersion increased (from
481+ 16 ppm to 471+ 54 ppm, comparison at 7:20 UTC since we lacked
data at 9:50 in May), while there was no clear explanation for a decrease
in concentration (i.e., it could be due to differences in the PBL, changes
in biogenic and anthropogenic contributions, and changes in the CO,
background); the increase in dispersion may be related to a greater
quantity of sources since anthropogenic activities returned to normal.
The increase in both concentration and dispersion was similar for urban
green sites (from 42549 ppm in May to 437+19 ppm in October). At the
forest sites, we observed that the CO5 concentration decreased from 425
+12 ppm to 416+2 ppm, and at the agricultural sites, the CO5
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concentration decreased from 441418 ppm to 437+15 ppm from May
to October. In both cases, dispersion was maintained at a similar level or
decreased. It seems that the increase in dispersion in urban areas (urban
and urban green areas) was due to heterogeneous sources of CO5 that
were present in October but suppressed in May with the lockdown
restrictions.

4.4. Convection, PBL, UBL and local winds

Our study also helped us understand the atmospheric dynamics
occurring in the AMB and their repercussions on the CO; distribution.
The diurnal concentration differences can be explained by the increase
in air mixing that occurs during the day due to the development of the
PBL. The accumulation of CO5 generally occurs at night and in the early
morning when a low PBL prevents air mixing. We clearly observed a
diurnal decrease in CO3 of 95 +27 ppm from 4:20 UTC to 11:20 UTC
(Fig. 4). The air column formed at night-time remains stable early in the
morning, maintains local air accumulation associated with atmospheric
stratification (Briber et al., 2013), and disappears late at noon as
convective processes develop and produce air mixing. This process of air
accumulation is enhanced in cities by surface discontinuities created by
street canyons, together with the direct effect of UBL height on accu-
mulation and dilution (Lietzke and Vogt, 2013). We estimate that the
best moment to determine sources of CO5 is during the early morning,
characterized by a low boundary layer height and air accumulation near
the ground.

In our study, we used air altitude density as an indicator of the UBL
(Fig. 6), rationalizing that high altitude densities indicate a high zone in
the UBL (such as the mixed layer or the constant flux layer, as designated
by Fernando (2010)), where air masses may have mixed with upper air,
whereas low altitude densities suggest local air masses, low mixing, and
therefore a lower UBL zone such as the rough sublayer. We found dif-
ferences in air density and established three clearly distinct clusters
characterized by differences in CO; concentrations, which indicate three
different zones of the UBL. We observed that air mass samples from
urbanized areas with low AD values had elevated CO5 concentrations,
suggesting an accumulation of CO; and a reduction in vertical air mix-
ing, as is found within the urban canopy layer of the UBL. These findings
agree with a study by Font et al. (2015), who determined that London
buildings reduced air mixing, and another study by Jacobson (2010),
who reported that the CO, mixing ratios of air masses affected by the
city were 75 % greater than those in the surrounding areas due to pro-
cesses that favor the accumulation of air with high levels of CO5, known
as urban domes, which consist of higher mixing ratios formed over the
influence of an urban area.

According to Song and Wang (2016), green infrastructure can modify
the UBL height due to their thermoregulation capacity. Regarding green
areas, we found examples of strong diurnal variability; for instance, at
Montjuic and Collserola, CO, values decreased by 30 ppm from
7:20-9:50 UTC. At the same time, the AD also increased at approxi-
mately 200-300 m, indicating the entrance of different air masses with
relatively high mixing rates. Vogt et al. (2006) reported similarities in
the diurnal variability of mixing ratios in the city of Basel, Switzerland;
they found that the maximum values of CO2 between 5:00 and 7:00 UTC
progressively decreased until noon. The maximum values between 4:20
and 7:20 UTC decreased between 9:50 and 11:20 UTC.

The accumulation of CO3 at coastal locations is further explained by
the formation of an urban dome over the AMB and the sea, causing
urban air accumulation during the night on the coastline, which is
recirculated back to the city with sea breezes that pick up mid-morning
(see Grossi et al. (2000) for a full description of this phenomenon).
Urban domes are formed by the UBL in the absence of regional winds,
and when they occur, the climatic influence of a city is restricted to a
self-contained urban dome (Martilli, 2003; Oke et al., 2017). This was
clearly seen at 4:20 UTC in May at Gava, where concentrations were
between 470 and 500 ppm. Finally, when measuring atmospheric COo,
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another important factor to consider is how the local wind and breezes
affect the air sample at the moment of measurement. In our case, one
example of local accumulation at 4:20 UTC (Fig. 5) in Gava was
accompanied by the occurrence of inland winds, as shown by the wind
roses in Fig. S4 in the supplementary information, when greater in-
creases in CO3 in the urban area occurred during a time of calm winds in
Montjuic that could have enhanced the accumulation of pollutants from
the surroundings (i.e., main roads nearby and port activity).

5. Conclusions

In this study, we attempted to contribute to one of the main chal-
lenges in urban CO, monitoring: how to properly attribute the vari-
ability of CO2 mixing ratios to the various factors that influence them:
the urban landscape, local processes, geography, and atmospheric dy-
namics, among others. Our analysis of the CO2 sampling campaigns over
the Metropolitan Area of Barcelona (AMB) revealed that CO, mixing
decreased as a combination of the degree of anthropogenic activity
decreased and urban vegetation increased when comparing land uses.
We found that intensely urbanized areas had the highest CO, concen-
trations (458+41 ppm) and that green areas had significantly lower CO,
concentrations proportional to the vegetation volume: urban forest (423
+12 ppm), peri-urban agriculture (439+£16 ppm), and urban parks (439
+17). Overall, land use and local processes had important influences on
CO, mixing ratios. We examined spatial and diurnal changes in atmo-
spheric CO; concentrations compared to the reference CO, concentra-
tions outside the urban area (at the UAB campus and ICTA building),
which allowed intercomparisons among days. As a general rule, sam-
pling sites located in areas with more vegetation and less traffic or in-
dustrial activity had lower CO; concentrations, and impervious
urbanized areas had CO; concentrations above the background values.

The sampling campaign also provided some insight into the atmo-
spheric dynamics inside the city, such as the importance of the wind
(mesoscale and local), PBL and UBL. Low boundary layers were related
to the increase in CO5 accumulation near the surface, mostly during the
night-time or early morning, creating three clusters characterized by
different altitude densities (ADs). We suggest the use of the UBL as an
indicator to characterize different air masses and CO, mixing ratios.
Examples of local CO, accumulation were accompanied by the occur-
rence of inland winds, although the link between local winds and
emission sources was not determined.

Based on these campaigns, we recommend continuous monitoring of
CO4 concentrations to better capture diurnal and seasonal patterns and
that the monitoring be well distributed to capture the various land uses
and various zones of the UBL. As seen in this study, land use may
determine the accumulation and dispersion of pollutants inside urban
areas since it affects both emission factors (i.e., vegetation and traffic)
and atmospheric behavior (the UBL and local winds). We also believe
that it is important to increase the spatiotemporal resolution and extend
surface observations to better characterize the urban environment.
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