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• Reducing urban greenhouse gas emis-
sions requires recognition of emitting
sources.

• Isotopic partitioning method was ap-
plied for source identification in Flor-
ence.

• Florence acts as a net source of CO2

resulting from traffic and gas combus-
tion.

• Green infrastructures are not sufficient
to counterbalance anthropogenic emis-
sions.

• CH4 emissions are mostly related to fu-
gitive leakages from natural gas
pipelines.
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In this study, the results of a continuous monitoring of (i) CO2 fluxes, and (ii) CO2 and CH4 concentrations and
carbon isotopic ratios (δ13C-CO2 and δ13C-CH4) in air, carried out from 7 to 21 July 2017 and from October 10
to December 15, 2017 in the city centre of Florence, are presented. The measurements were performed from
the roof of the historical building of the Ximenes Observatory. CO2 flux data revealed that the metropolitan
area acted as a net source of CO2 during thewhole observation period. According to the Keeling plot analysis, an-
thropogenic contributions to atmospheric CO2weremainly represented by vehicular traffic (about 30%) and nat-
ural gas combustion (about 70%), the latter contributing 7 times more in December than in July. Moreover, the
measured CO2 fluxes were about 80% higher in fall than in summer, confirming that domestic heating based
on natural gas is the dominant CO2 emitting source in the municipality of Florence. Even though the continuous
monitoring revealed a shift in the δ13C-CO2 values related to photosynthetic uptake of atmospheric CO2, the iso-
topic effect induced by plant activity was restricted to few hours in October and, to a lesser extent, in November.
This suggests that urban planning policies should be devoted to massively increase green infrastructures in the
metropolitan area in order to counterbalance anthropogenic emissions. During fall, the atmospheric CH4 concen-
trations were sensibly higher with respect to those recorded in summer, whilst the δ13C-CH4 values shifted to-
wards heavier values. The Keeling plot analysis suggested that urban CH4 emissions were largely related to
Keywords:
Greenhouse gases
Carbon isotopes
Urban air quality
Cities
Photosynthesis
es, University of Florence, Via G. La Pira 4, 50121 Firenze, Italy.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2019.134245&domain=pdf
https://doi.org/10.1016/j.scitotenv.2019.134245
mailto:stefania.venturi@unifi.it
Journal logo
https://doi.org/10.1016/j.scitotenv.2019.134245
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


2 S. Venturi et al. / Science of the Total Environment 698 (2020) 134245
fugitive emissions from the natural gas distribution pipeline network. On the other hand, δ13C-CH4 monitoring
allowed to recognize vehicular traffic as a minor CH4 emitting source.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The Paris Agreement, signed by 195 countries, aims to strengthen the
global response to the threat of climate change (Art. 2.1) setting a target
for 80% reduction below 1990 levels of global greenhouse gas (hereaf-
ter, GHG) emissions by 2050, ensuring zero net global carbon emissions
fromenergy sector by 2060. Actions needed for achieving this ambitious
goal require that current plans and policies for renewable energy de-
ployment have to be coordinated with environmental protection pro-
jects and interventions. According to Hoornweg et al. (2011), 70% of
energy-related GHG emissions can be attributed to urban and suburban
activities, where housing and transport sectors account for N50% of di-
rect household emissions of urban citizens (Pichler et al., 2017), with
a clear connection between GHG emissions and economic and social
urban progress. According to the 2018 Revision of World Urbanization
Prospects (UnitedNations PopulationDivision, 2018), global population
living in urban areas is expected to increase from 55% in 2018 to 68% by
2050. Consequently, city administrations and citizens will be in charge
of achieving the largest share of GHG emissions reductions. Hence, na-
tional policies and local governments are being called to respond to
the overlapping challenges of sustainable development, climate change
mitigation, and increase of urban resilience (Hoornweg et al., 2011). Ac-
cording to Meerow et al. (2016), urban resilience can be defined as “the
ability of an urban system - and all its constituent socio-ecological and
socio-technical networks across temporal and spatial scales - to maintain
or rapidly return to desired functions in the face of a disturbance, to
adapt to change, and to quickly transform systems that limit current or fu-
ture adaptive capacity”. Such flexibility should be combined with poli-
cies pursuing the achievement of overall urban sustainability, i.e. the
establishment of a balance between socioeconomic needs of citizens
and the supply of natural resources, preserving the quality of the natural
environment by minimizing (and possibly eliminating) the ecological
footprint of urban areas (e.g. Huang et al., 2015 and references therein).

Urban planning strategies and local policy initiatives can play a
major role in both climate changemitigation and adaptation. Several ac-
tions have been successfully implemented by local administrators in
several cities aimed at reducing the carbon footprint and amending cit-
izen attitudes towards urban mobility, e.g. promoting public transport
services, developing a network of high-quality cycling routes, creating
traffic-free zones, establishing congestion taxes or increasing fuel prices
and parking fees (Hoornweg et al., 2011; Pichler et al., 2017). Similar
initiatives have been adopted by the municipality of Florence, in Tus-
cany (central Italy), which is the eighth most populous city in Italy,
hosting ~380,000 inhabitants. Moreover, it is located in one of the
sixth most inhabited metropolitan areas in Italy (about 1,005,000 in-
habitants), and is visited by N10 million tourists per year. According to
the IRSE regional emission inventory (data are referring to 1995, 2000,
2003, 2005, 2007 and 2010) provided by the Tuscan Regional Govern-
ment (Regione Toscana, 2010), the annual CO2 and CH4 emissions to
the atmosphere from Florence city area were estimated to be varying
between 1.17 × 106 and 1.34 × 106 Mg and between 1.66 × 103 and
3.12 × 103 Mg, respectively. The CO2 emissions were mainly ascribed
to vehicular traffic (46%) and non-industrial combustion plants, i.e. do-
mestic heating (45%). Only 18% of CH4 released from the urban area into
the atmosphere was related to these sources and mostly attributed to
the distribution of fossil fuels (81%) (Regione Toscana, 2010). A similar
source partitioning was estimated by Gioli et al. (2012, 2015) for CO2

(road traffic: 35%; heating: 65%) and CH4 (road traffic + heating: 14%;
gas network leakages: 86%). Nevertheless, in the framework of the
ICLEI (International Council for Local Environmental Initiatives) World
Congress 2018, the local government has renewed its intent to lower
urban CO2 emissions of 50% by 2030. Accordingly, urban planning strat-
egies in the last ten years have deeply changed the urban area of Flor-
ence by (i) pedestrianizing large portions of the city center, (ii)
increasing the number of bicycle lanes, and (iii) constructing a tramway
network integrated with railway and bus system and a park and ride fa-
cility along the most important highway that licks the city. While these
efforts are expected to produce environmental benefits, recentmonitor-
ing surveys conducted by the environmental protection agency of Tus-
cany Region (ARPAT, 2018) remarked that Florence is still affected by
poor air quality conditions. In order to make intervention plans effec-
tively incisive in reducing urban GHG emissions, a complete inventory
of the emitting sources and a regularmonitoring activity of atmospheric
GHG concentrations are essential prerequisites to allowpolicymakers to
address mitigation efforts and acquire useful tools for evaluating
whether GHG emissions are effectively reducing after specific
interventions.

In this study, the results of a continuous monitoring (from 7 to 21
July 2017 and from October 10 to December 15, 2017) of (i) CO2 fluxes,
(ii) atmospheric CO2 and CH4 concentrations and carbon isotopic ratios
(δ13C-CO2 and δ13C-CH4) and (iii) meteorological parameters from the
rooftop monitoring site of the 250 years old Ximenes Observatory in
Florence are presented. The aim was to determine the seasonal and di-
urnal variations in terms of concentrations and isotopic compositions of
these GHG in order to (i) identify the local emitting sources, (ii) estab-
lish how the relative contributions were varying with time and (iii) as-
sess the carbon isotopic dynamics of atmospheric CO2 and CH4 and the
potential of source partitioning methodologies based on isotopic data.

2. Material and methods

2.1. Measurement site

The measurement site was located in the city center of Florence (Fi-
renze; Fig. 1), in central Italy, a city located at about 50 m a.s.l. in an al-
luvial plain surrounded by sedimentary hills (reaching an altitude of
300–400 m a.s.l.) and crossed by the Arno river and minor creeks. The
urban area is characterized by a temperate climate, with mild winters
and hot and humid summers. The rainfall pattern shows a minimum
in July and a maximum in November, with an annual average rain of
about 850 mm.

The instrumental equipment was installed on the roof of the histor-
ical building of the Ximenes Observatory (43°47′ N, 11°15′ E; Fig. 1).
This astronomical observatory was founded by Leonardo Ximenes in
1756 on the upper floor of the monastery of San Giovannino, ~160 m
away from the Santa Maria del Fiore Cathedral and the worldwide re-
nowned Brunelleschi's Dome, which dominates the skyline of the city.
Nowadays, the observatory is an independent scientific agency. The
roof of the observatory, about 33 m above the street level and 18 m
above the average buildingheight, dominates the surroundingbuildings
with the sole exceptions of the Cathedral's Dome and the Cappella dei
Principi, the latter being part of the Medici Chapels, in the near Basilica
of San Lorenzo. Settled in the historical city center, the observatory is
surrounded by a network of Medieval and Renaissance narrow streets
and alleyways. Emissions of airborne pollutants in the city center are
mainly related to vehicular traffic and domestic heating (allowed by
local government from 5:00 to 23:00 starting from the 1st of November
to the 15th of April of each year), whilst additional emission sources are



Fig. 1. Satellite image of (a)metropolitan area and (b) historical center of Florence, where
the location of the monitoring site (Ximenes Observatory) is shown (yellow star). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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present in the outskirts of the city, including an international airport,
two major highways and light industry districts.

2.2. Rooftop gas monitoring

A referenceweather stationwas installed on the roof of the Ximenes
Observatory, equipped with the following sensors: air temperature and
humidity (Vaisala HMP155), wind speed and direction (Young wind
sentry 03002), solar radiation (Kipp Zonen CMP3 Pyranometer),
pluviometer (Delta-T - Model RG1 + BP-06 - Rain gauge) and a data
logger (Campbell CR-1000). Data, collected every 10 min, were stored
locally on a CR-1000 data logger and transferred to the CNR-IBIMET
web server.

Turbulent fluxes of energy,momentumand CO2 at half-hourly inter-
vals were measured with the eddy covariance technique (e.g.
Grimmond et al., 2002; Matese et al., 2009; Gioli et al., 2012; Vaccari
et al., 2013). A 7 m long mast was erected above the roof level. The
eddy covariance setup consisted of sonic anemometer 3 axes (Metek
USA-1), fast IRGA open path CO2 and H2O gas analyzer (Licor LI-
7500A). The raw data were collected at the frequency of 20 Hz.
Quality-control procedures included despiking, instrument failure de-
tection in rainy conditions, and stationarity analysis (Foken and
Wichura, 1996). Single point storage correction was applied as de-
scribed in Papale et al. (2006). A threshold friction velocity equal to
0.13 m/s was derived by analyzing the dependence of nighttime CO2

flux on u∗ on selected periods and detecting the value beyond which
the flux levelled off. The storage correction was applied before the u∗
correction to avoid the double counting effect. Data that failed quality
criteria were gap-filled with a procedure based on a mean diurnal vari-
ation (Falge et al., 2001), where a missing observation at a certain time
was replaced by themean for that time based on adjacent days. A num-
ber of 10 adjacent days was used. Path averaging and sensor separation
corrections were applied using the Moore (1986) first order transfer
functions. A footprint analysis was made based on the analytical
model described in (Hsieh et al., 2000). The upwind distances contain-
ing 50% and 90% of measured flux were computed as a function of
wind speed and direction, atmospheric stability, measurement height
and surface roughness, and resulted to be 445 m and 1070 m, on aver-
age, respectively. Roughness length for this site was previously calcu-
lated (Gioli et al., 2015) using a regression-based fitting of the
universal function in the logarithmic wind profile as described in Graf
et al. (2014), and resulted in the 0.3–0.6 m range depending on the
wind sector.

The concentrations and δ13C values (expressed in ppm and‰ vs. V-
PDB, respectively) of CO2 and CH4 in air were monitored using a WS-
CRDS (Wavelength-Scanned Cavity Ring Down Spectroscopy) – based
analyzer (Picarro G2201-i) housed within a storage room on the roof
the Ximenes Observatory. Air samples were drawn from a window
through Teflon tubing using a vacuum pump (sampling rate:
25 mL min−1). The instrument was operated nearly continuously from
the 7th to the 21st of July 2017 and from the 10th of October to the
15th of December 2017. Calibration was performed at the beginning
of the two measuring periods using the following standards (Air
Liquide): (i) 380, 500 and 1000 ppm CO2, (ii) 1.8, 5 and 10 ppm CH4,
(iii) −44, −5 and +2‰ δ13C-CO2, and (iv) -60 and −25‰ δ13C-CH4

(Air Liquide). The precision was within 0.2 ppm CO2, 0.05 ppm CH4,
0.16‰ δ13C-CO2 and 1.15‰ δ13C-CH4. The instrument was further
checked once a month using the above-mentioned standards. Half-
hourly averages were obtained from the dataset acquired from each in-
strument and used for further data processing. Data reduction
(monthly, daily and hourly averages) and analysis were performed
using R (R Core Team, 2017) implemented with the Openair package
(Carslawand Ropkins, 2012; Carslaw, 2014). The acquired datawere re-
ferred to local time, i.e. (i) CEST (Central European Summer Time) from
the 7th of July to the 29th of October 2017 and (ii) CET (Central
European Time) from the 29th of October to the 15th of December 2017.

3. Results

3.1. Meteorological parameters

The temperature showed a relevant seasonal variation, with
monthly average values of 26.9, 15.5, 10.5 and 8.1 °C in July, October,
November and December, respectively. The diurnal changes in temper-
ature were, on average, of 11.3, 12.1, 7.1 and 6.5 °C, respectively,
monthly varying from 16.8 to 36.8 °C in July, from 5.3 to 29.1 °C in Octo-
ber, from−0.3 to 19.3 °C in November and from−0.7 to 16.6 °C in De-
cember. The minimum hourly-average temperature was recorded in
early morning (from 5:00 to 8:00), whereas the maximum value was
observed in early afternoon (from 15:00 to 16:00) (Fig. 2).

The monthly-average relative humidity was relatively low in July
(37%) and increased during fall with values of 59, 68 and 67% in October,
November andDecember, respectively. Accordingly, nometeoric events
were recorded in July 2017,when Italywas facing a drought emergency,
whilst rainfall occurred in 2, 13 and 9 days in October, November and
December 2017, respectively, with precipitation values that did not ex-
ceed 4.8, 14.6 and 5.6 mm per day, respectively.

Average wind speed was 2.51, 1.38, 1.60 and 2.10 m/s in July, Octo-
ber, November andDecember, respectively, in agreementwith the aver-
age value (2.52 m/s) recorded from 1993 to 2010 by Gualtieri et al.
(2014), indicating the occurrence of relatively poor advection condi-
tions. Prevailing winds blew from SE (Fig. 3), followed by (i) W, NE
and WNW in July, (ii) WNW, ESE and SSE in October, (iii) NE, SSE and



Fig. 2. Diurnal variations in temperature for each month. The bold line shows hourly
means, whilst the shaded areas represent 95% confidence intervals.
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ENE in November and (iv) SSW, SSE and SW in December. Maximum
wind speed values were associated with winds blowing from NE
(7.57 m/s), W (6.21 m/s), NE (7.75 m/s) and SW (8.17 m/s) in July, Oc-
tober, November and December, respectively.
Fig. 4. Boxplots of (a) CO2 fluxes, (b) CO2 concentrations, and (c) δ13C-CO2 values for each
month. The median is also shown (black line).
3.2. Seasonal variations in fluxes, concentrations and δ13C values of atmo-
spheric CO2

The half-hourly CO2 flux ranged from−217 to 3074 μgm−2 s−1 dur-
ing the observation period, with an average value of 729 ± 615
μg m−2 s−1. The lowest values were measured in July, being from
−217 to 2584 μg m−2 s−1, whereas higher fluxes were recorded in Oc-
tober and November, i.e. from −216 to 2713 μg m−2 s−1 and from
−213 to 3074 μg m−2 s−1, respectively (Fig. 4a). The average CO2 flux
values in July, October and November were 507 ± 400 μg m−2 s−1,
636 ± 518 μg m−2 s−1 and 922 ± 716 μg m−2 s−1, respectively.

The CO2 concentrations and δ13C values showed similar seasonal
fluctuations (Fig. 4b). The CO2 concentrations were high during the
fall season and low in summer, ranging from 395 to 782 ppm with an
average value of 450 ± 37.8 ppm. During July, October, November and
December, the CO2 concentrations ranged from 395 to 446 ppm, from
411 to 782 ppm, from413 to 669 ppmand from411 to 636ppm, respec-
tively, with monthly average values of 413 ± 11.9 ppm, 454 ±
34.5 ppm, 460 ± 37.8 ppm and 457 ± 37.6 ppm, respectively. The
monthly CO2 amplitudes were large in October (371 ppm), followed
byNovember and December (256 and 224 ppm, respectively). The low-
est amplitude was recorded in July (51 ppm).
Fig. 3. Wind roses showing wind speed (in m/s) and direction
The δ13C values were inversely correlated to the CO2 concentrations
(Fig. 4c), showing the highest values in July, ranging from −10.1 to
frequencies at the monitoring site referred to each month.
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−7.95‰ vs. V-PDB (average value:−8.72± 0.47‰ vs. V-PDB), and the
lowest values during fall, ranging from −31.0 to −9.10‰ vs. V-PDB,
from −18.2 to −8.79‰ vs. V-PDB and from −17.7 to −8.38‰ vs. V-
PDB in October, November and December (average values: −12.4 ±
3.82‰ vs. V-PDB, −11.5 ± 1.73‰ vs. V-PDB, −11.2 ± 1.82‰ vs. V-
PDB, respectively). The monthly δ13C amplitudes were relatively large
in October (22‰ vs. V-PDB), followed by November and December
(9.41 and 9.31‰ vs. V-PDB, respectively), and low in July (2.17‰ vs.
V-PDB).

3.3. Diurnal variations in fluxes, concentrations and δ13C values of atmo-
spheric CO2

The CO2 flux showed a clear, and relatively constant, diurnal cycle
during the observation period (Fig. 5a). The lowest CO2 flux values
were measured during nighttime and early morning, in particular
from 02:00 to 07:00 in July, from 02:00 to 06:00 in October and from
01:00 to 05:00 in November, with average daily amplitudes of 174 ±
Fig. 5.Diurnal variations of (a)CO2 fluxes, (b)CO2 concentrations, and (c) δ13C-CO2 values
for each month. The bold line shows hourly mean values, whilst the shaded areas
represent 95% confidence intervals.
30.4 μg m−2 s−1, 216 ± 25.9 μg m−2 s−1, and 341 ± 10.6 μg m−2 s−1,
respectively. The CO2 fluxes were then rapidly increasing up to a peak
value of 836 μgm−2 s−1 at 13:00 in July 1022 μgm−2 s−1 at 12:00 in Oc-
tober and 1333 μg m−2 s−1 at 08:00 in November. The CO2 emissions
then progressively decreased down to 635 μg m−2 s−1 at 17:00 in
July, 657 μg m−2 s−1 at 21:00 in October and 945 μg m−2 s−1 at 16:00
in November and afterwards a second peak value was recorded at
23:00 in July, at 22:00 in October and at 21:00 in November, with values
of 806, 998 and 1421 μg m−2 s−1, respectively.

The hourly mean CO2 concentrations and δ13C values are shown in
Fig. 5b,c. Whilst the diurnal cycle of CO2 concentrations was similar to
that of the CO2 flux during the fall season, an opposite trend was ob-
served in summer (Fig. 5a,b). Interestingly, in July, the highest CO2 con-
centrations were measured during nighttime and early morning with a
progressive increase starting from 22:00 and reaching a peak value of
429 ppm at 7:00. On the other hand, the CO2 concentrations were con-
stantly low (from 404 to 406 ppm) from 13:00 to 21:00. Contrarily, dur-
ing fall, low CO2 concentrations were observed from 02:00 to 06:00 in
October (from 442 to 443 ppm), from 01:00 to 05:00 in November
(from 446 to 450 ppm) and from 00:00 to 06:00 in December (from
434 to 445 ppm). A two-peaks diurnal cycle was observed during fall.
The first peak occurred at 12:00 in October and at 10:00 in November
and December, with values of 486, 487 and 476 ppm, respectively. The
second peak was observed at 19:00 in October, at 21:00 in November
and December, with values of 457, 467 and 469 ppm, respectively. The
two peaks were interspersed with a phase of decreased CO2 concentra-
tions down to 437, 446 and 454ppmat 16:00 inOctober, November and
December, respectively.

The δ13C values were inversely correlated to the CO2 concentrations
(Fig. 5b,c). The highest δ13C values were measured during low CO2 con-
centration periods, i.e. from 13:00 to 21:00 in July, from 02:00 to 06:00
inOctober, from01:00 to 05:00 inNovember and from00:00 to 06:00 in
December, with average values of−8.40± 0.03‰ vs. V-PDB,−10.20±
0.03‰ vs. V-PDB,−10.50 ± 0.08‰ vs. V-PDB, and−10.30 ± 0.21‰ vs.
V-PDB, respectively. On the other hand, the lowest δ13C values occurred
almost concomitantly with the highest CO2 concentrations, i.e. at 07:00
in July, at 12:00 in October and at 11:00 in November and December,
with values of −9.36, −20.6, −13.8 and −12.4‰ vs. V-PDB,
respectively.

3.4. Seasonal variations in the concentrations and δ13C values of atmo-
spheric CH4

During the observation period, the CH4 concentrations ranged from
1.87 to 3.21 ppm, with an average value of 2.23 ± 0.23 ppm. As
shown in Fig. 6a, the lowest values were recorded in July (from 1.87 to
2.72 ppm; monthly average: 2.00 ± 0.09 ppm). Similar values were
measured in December (from 1.95 to 2.88 ppm; monthly average:
2.17 ± 0.17 ppm), whilst the highest values were measured in October
(from 1.98 to 3.16 ppm; monthly average: 2.39 ± 0.22 ppm) and No-
vember (from 1.99 to 3.21 ppm; monthly average: 2.25 ± 0.20 ppm).

The δ13C-CH4 values showed dramatic seasonal variations (Fig. 6b).
In July, the lowest δ13C-CH4 values were recorded, ranging from
−54.0 to −46.7‰ vs. V-PDB, with a monthly average value of −51.1
± 1.7‰ vs. V-PDB. Significantly higher values were measured during
the fall season, ranging from −51.7 to −43‰ vs. V-PDB in October
(monthly average: −44.8 ± 0.8‰ vs. V-PDB), from −47.5 to −43.5‰
vs. V-PDB in November (monthly average: −44.9 ± 0.4‰ vs. V-PDB),
and from −46.1 to −43.6‰ vs. V-PDB in December (monthly average:
−45.1 ± 0.4‰ vs. V-PDB).

3.5. Diurnal variations in the concentrations and δ13C values of atmospheric
CH4

The hourly average CH4 concentrations and δ13C values are shown in
Fig. 7. The diurnal cycle of the CH4 concentrations (Fig. 7a) was similar



Fig. 6. Boxplots of (a) CH4 concentrations, and (b) δ13C-CH4 values for each month.

Fig. 7. Diurnal variations of (a) CH4 concentrations, and (b) δ13C-CH4 values for each
month. The bold line shows hourly mean values, whilst the shaded areas represent 95%
confidence intervals.
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to that of CO2 (Fig. 5b). In July, the highest CH4 concentrations were
measured during nighttime, with values gradually increasing from
19:00 to a peak value of 2.11 ppm at 8:00, whereas the lowest hourly
average CH4 concentrations (1.92 ppm) were recorded from 16:00 to
18:00. During fall, two peaks were recognized. The first one occurred
from9:00 to 10:00with values up to 2.58, 2.32 and 2.22 ppm inOctober,
November and December, respectively. The second onewas detected at
21:00 with values up to 2.60, 2.27 and 2.21 ppm in October, November
and December, respectively. The two peaks were interspersed with a
phase of low CH4 concentrations between 15:00 and 17:00, with CH4

concentrations down to (i) values (down to 2.16 and 2.14 ppm, respec-
tively) comparable to those recorded during nighttime (down to 2.21
and 2.14 ppm, respectively) in November and December, and (ii) values
(down to 2.11 ppm)markedly lower than those recorded during night-
time (down to 2.37 ppm) in October.

The hourly average δ13C values varied in a narrow range, i.e. 0.4‰ vs.
V-PDB in July and December (i.e. from−51.3 to−50.9‰ vs. V-PDB and
from−45.3 to−44.8‰ vs. V-PDB, respectively), 0.6‰ vs. V-PDB in No-
vember (i.e. from −45.1 to −44.7‰ vs. V-PDB) and 1.1‰ vs. V-PDB in
October (i.e. from −45.4 to −44.3‰ vs. V-PDB). In November and De-
cember, the diurnal cycle of δ13C values was comparable, with lowest
values at night (around 3:00) followed by a progressive increase during
daytime until 21:00. A different pattern was observed in October, when
a peak in δ13C, up to−44.3‰ vs. V-PDB,was observed at 17:00, followed
by a decrease down to aminimum value of−45.4‰ vs. V-PDB at 20:00.

4. Discussion

4.1. Urban CO2 footprint

Due to both local morphology and meteorological conditions (the
hills bordering the alluvial plain affect atmospheric circulation limiting
the dispersion of air pollutants), the urban area of Florence is particu-
larly prone to the accumulation and trapping of air contaminants in
the lower atmosphere leading to poor air quality conditions (Gualtieri
et al., 2014), especially during the cold season.

According to our data, monthly average CO2 fluxes from the city
measured in October and November were 26% and 82% higher than
those observed in July, respectively. The constant diurnal cycle of CO2

fluxes over summer and fall seasons characterized by highest values
from the sunrise until few hours after the sunset indicates that the
CO2 emissions were strictly related to anthropogenic sources. Although
negative values were occasionally measured (corresponding to 4, 5 and
2% of data in July, October and November, respectively), the CO2 fluxes
from the city weremostly positive during the entire observation period.
This indicates that the metropolitan site acts as a net source of CO2 and
that the current urban green infrastructures (including urban forests,
~10% of the total city area; Bottalico et al., 2016, 2017) are not sufficient
to counterbalance the emissions from anthropogenic activities even
during the plant vegetative period, as observed in other mid-latitude
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cities (e.g. Velasco et al., 2005, 2009; Velasco and Roth, 2010 and refer-
ences therein).

In July, the diurnal cycle of the CO2 concentrations clearly reflected
the evolution of the atmospheric boundary layer (Fig. 5b). During night-
time, gas accumulation occurred due to the stable atmospheric condi-
tions characterizing the nocturnal boundary layer (NBL). After sunrise,
heating of the surface drives the establishment of the turbulent convec-
tive boundary layer (CBL) that favors dispersion and dilution of the air
contaminants. On the other hand, during the fall season, the dilution ef-
fect induced by the onset of the CBL was completely overwhelmed by
the diurnal CO2 emissions from the urban area.

4.1.1. CO2 sources
The emitting sources responsible for CO2 discharges into the atmo-

sphere from the urban area of Florence were investigated on the basis
of the Keeling plot analysis. The method derives from a simple two
end-member mixing model between background and local source(s),
based on the following mass balance equations:

Cm ¼ Cb þ Cs ð1Þ

δ13Cm � Cm ¼ δ13Cb � Cb þ δ13Cs � Cs ð2Þ
Fig. 8. (a)Keeling plots of δ13C-CO2 vs. 1/CO2 for eachmonth referred to nighttime data (h 0–5)
line) or natural gas (lower line) combustion. (b) Estimated δ13Cs (white circles) and δ13Cs_morn

show δ13C-CO2 values related to plant respiration, gasoline combustion and natural gas com
combustion to atmospheric CO2 (see text for details).
where C and δ13C are the concentration and the carbon isotopic compo-
sition of the gas species, respectively, andm, b and s subscripts refer to
the measured, background and source(s) values, respectively.

These equations can be arranged in the following form:

δ13Cm ¼
δ13Cb−δ13Cs

� �
� Cb

Cm
þ δ13Cs ð3Þ

Eq. (3) identifies a straight line on a 1/C vs. δ13C plot whose intercept
corresponds to the isotopic signature of the emitting source. According
to this approach, first proposed by Keeling (1958, 1961), the back-
ground values can remain unknown, but both the background and
source(s) values have to be constant during the observation period
(Pataki et al., 2003a, 2003b).

In Fig. 8a, only nighttime data (h 0–5) were used to construct
Keeling plots, since (i) stable weather conditions allow the locally emit-
ted CO2 to be accumulated in the atmosphere, (ii) photosynthesis ef-
fects can be ignored, and (iii) active anthropogenic emissions are
minimal. Consequently, a weighted average isotopic value of the daily
emitted CO2 from multiple sources can be derived. Summer data plot
along the mixing line of global background CO2 (407 ppm with δ13C
value of −8.6‰ vs. V-PDB, as annual average measured in 2017 at
. The dashed lines showmixing between the background values and either gasoline (upper
(black circles) values during the monitoring period (see text for details). The dashed lines
bustion. (c) Relative contribution of gasoline (grey field) and natural gas (black field)
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Mauna Loa Observatory; Keeling et al., 2005)with CO2 produced by gas-
oline combustion (mainly related to road traffic: ca. −27‰ vs. V-PDB;
Clark-Thorne and Yapp, 2003; Zimnoch, 2009; Górka and Lewicka-
Szczebak, 2013 and references therein; Chamberlain et al., 2016), with
some data plotting above the mixing line due to possible contributions
from C3 plant respiration (from −26.5 to −20‰ vs. V-PDB; Górka and
Lewicka-Szczebak, 2013 and references therein). Fall data plot below
the gasoline line, progressively approaching the mixing line with natu-
ral gas combustion (ca.−40‰ vs. V-PDB; Clark-Thorne and Yapp, 2003;
Górka and Lewicka-Szczebak, 2013; Chamberlain et al., 2016) from Oc-
tober to December. A data filtering was operated in order to ensure re-
liable δ13Cs estimates, according to the following criteria: (i) a sufficient
CO2 concentration range (≥15 ppm; Zobitz et al., 2006) was measured
each night; (ii) linearity in the OLS regression of δ13CO2 on 1/CO2 was
checked applying significance and r2 thresholds (P b 0.05 and r2 N

0.75; Chamberlain et al., 2016); and (iii) the intercept standard errors
were lower than 2‰ (Chamberlain et al., 2016 and references therein).
Overall, after applying the quality control criteria, about 40% of data
remained. The estimated δ13Cs values of the emitted CO2 ranged from
−26.5 to −22.7‰ vs. V-PDB in July, from −30.6 to −25.5‰ vs. V-PDB
in October, from −36.4 to −30.4‰ vs. V-PDB in November and from
−34.7 to −31.5‰ vs. V-PDB in December, confirming the increased
contribution from natural gas combustion in the colder season
(Fig. 8b). The same procedure was adopted to calculate the δ13Cs values
(δ13Cs_morn) from data measured in early morning (i.e. h 5–9 in July, h
6–8 in October, h 5–8 in November; for December, the time interval
used for November was selected), when the CO2 fluxes showed a
sharp increase. The δ13Cs_morn valuesmore strictly represent the isotopic
signature of the anthropogenic sources actively contributing to CO2

emissions during daytime. The resulting values (from −28.3 to
−24.6‰ vs. V-PDB in July, from−36.7 to−31.7‰ vs. V-PDB in October,
from −40.6 to −29.1‰ vs. V-PDB in November and from −41.2 to
−32.8‰ vs. V-PDB in December) were slightly more negative than
those obtained in nighttime (Fig. 8b). Under the dim light conditions
of the early morning, photosynthetic uptake is expected to match the
rate of cellular respiration, so that CO2 is neither produced nor con-
sumed by the biosphere. Accordingly, the 13Cs_morn values were to be
considered as the result of time-varying contributions to atmospheric
CO2 from gasoline and natural gas combustion, according to the follow-
ing mass balance equations:

Cs ¼ Cg þ Cn ð4Þ

δ13Cs � Cs ¼ δ13Cg � Cg þ δ13Cn � Cn ð5Þ

where g and n subscripts refer to gasoline and natural gas combustion,
respectively, and other symbolswere as in Eqs. (1) and (2). Accordingly,
the relative contribution of the two sources can be derived, as follows:

Cn

Cs
%ð Þ ¼ 100� δ13Cs−δ13Cg

δ13Cn−δ13Cg
ð6Þ

Cg

Cs
%ð Þ ¼ 100−

Cn

Cs
ð7Þ

According to our estimation, gasoline and natural gas combustion
accounted for about 32 and 68% of non-background atmospheric CO2

during the whole observation period (Fig. 8c), respectively, in good
agreement with previous estimations (Gioli et al., 2012, 2015). The esti-
mated Cg valueswere high in July (about 90%), whereas those of Cn pro-
gressively increased during fall up to ~75% in December (Fig. 8c). Since
the vehicular traffic has no relevant seasonal changes in Florence
(Matese et al., 2009; Gioli et al., 2012), the variations in the Cn/Cg ratios
were entirely ascribed to different contributions of CO2 emissions from
natural gas combustion. In December, the latter appeared to be 7 times
higher than in July, an estimation in agreement with the increasing use
of natural gas (ca. 10% in summer and ca. 70% in winter; Matese et al.,
2009).

4.1.2. CO2 sinks
During daytime, both (i) dilution and dispersion due to either air

mass convection or wind transport, and (ii) photosynthetic uptake
may contribute to partially offset the increase in atmospheric CO2 con-
centrations due to anthropogenic emissions. In terms of isotopic effects,
these two processes are expected to produce different outcomes. Dilu-
tion and dispersion isotopically consist in a mixing process between
local and background air. Conversely, photosynthetic uptake of atmo-
spheric CO2 results in C isotope fractionation, as plants preferentially as-
similate 12CO2 (e.g. Lloyd and Farquhar, 1994).

As evidenced in Fig. 9, in daytime (h 6–18), when the δ13C-CO2

values are plotted versus 1/CO2 ratios, some data are not consistent
with simple dilution and dispersion phenomena, being characterized
by δ13C-CO2 values lower than those expected formixingbetween back-
ground air and emitting sources. Negative shifts of δ13C-CO2 values N2‰
vs. V-PDBwere recorded from9:00 to 17:00 inOctober and from9:00 to
13:00 inNovember. Although these negative shifts of δ13C-CO2were ob-
served in days characterized by prevailing winds blowing from the NW
sector rather than SE, the largest drifts (N5‰ vs. V-PDB)were associated
with wind speeds b2 m/s, indicating that contributions from distal
sources were unlikely while a low dispersion of locally emitted CO2

was expected. At this regard, it is worth noting that the maximum iso-
topic shifts were measured in the central hours of the day, i.e. at 12:00
in October and at 11:00 in November, when the maximal photosyn-
thetic uptake was expected to occur. According to Vaccari et al.
(2013), the green spaces (29.1 km2)within theMunicipality of Florence
(102.3 km2) would offset ~6% of direct carbon emissions.

The isotopic effect of photosynthetic uptake can be modelled
through a Rayleigh-type equation:

δ13CO2 res ¼ 1000þ δ13CO2 ini

� �
f

1
∝air plant

−1
� �

−1000 ð8Þ

where f is the fraction of residual CO2 in the atmosphere, δ13CO2_res and
δ13CO2_ini are the isotopic composition of CO2 before and after the pho-
tosynthetic removal, respectively, and αair_plant (1.0183; Lloyd and
Farquhar, 1994) is the isotopic fractionation factor during the photosyn-
theticwithdrawal. As evidenced by the calculated trajectory for the evo-
lution of 1/CO2 and δ13C-CO2 shown in Fig. 9, the photosynthetic
removal of atmospheric CO2, characterized by different and continually
changing initial values during daytime, might explain the shift of isoto-
pic data below the mixing line between background air and anthropo-
genic sources. A similar effect was observed by Clark-Thorne and Yapp
(2003) in the metropolitan area of Dallas (USA). The relevance of the
impact of photosynthetic activity on the measured data showed a
sharp seasonality, because of both (i) seasonal cycles of plants in re-
sponse to changes in temperature, humidity and irradiance conditions
and (ii) waxing and waning of anthropogenic emissions. In July, photo-
synthetic uptake had virtually no substantial impact. According to
Vaccari et al. (2013), urban green spaces in Florencewere at their lowest
CO2 offset capacity during mid-summer, due to the dry conditions typ-
ically characterizing the Mediterranean ecosystems. Moreover, accord-
ing to the Institute of Atmospheric Sciences and Climate (CNR-ISAC),
2017 was the Italy's driest year of the last two centuries. On the other
hand, the progressive increase in anthropogenic CO2 emissions during
fall (Fig. 4a) was likely overwhelming the photosynthetic removal,
which was further hindered by the low temperatures (Fig. 2). Accord-
ingly, the maximum shifts of δ13C-CO2 values were observed concomi-
tantly with the first diurnal peak of CO2 concentrations (Fig. 5b),
indicating a concurrence of maximal photosynthetic removal with an-
thropogenic emissions climax. Ultimately, the sharpest influence of
photosynthetic activity on atmospheric δ13C-CO2 values was observed



Fig. 9.Keeling plots of δ13C-CO2 vs. 1/CO2 for eachmonth referred to daytime data (h 6–18). Thedashed lines showmixing between the backgroundvalues and either gasoline (upper line)
or natural gas (lower line) combustion. The black arrow shows the isotopic effect related to photosynthetic uptake of atmospheric CO2.
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in October, when the temperature was still relatively mild and housing
heating was still restricted. To verify the hypothesis about the role of
photosynthetic activity with independent observations, we analyzed
the vegetative status of the study area with monthly MODIS satellite
NDVI, selected as a proxy for photosynthetic activity. Although NDVI is
a vegetation index, therefore not directly linked to actual photosyn-
thetic rate but rather to canopy chlorophyll content, together with
fAPAR (fraction of absorbed photosynthetically active radiation), it is
widely considered a robust proxy for estimating Net Primary Productiv-
ity (NPP) of vegetation at coarse temporal resolution (Running et al.,
2004). Monthly NDVI data (Fig. 10) confirmed the typical pattern of
Mediterranean ecosystems since they experience a strong spring vege-
tative strength, a summer drought associated with low NDVI, and a fall
recovery that may peak in September to November, depending on cli-
mate conditions. In 2017, October and November were indeed the
months with the largest NDVI value among the sampled months,
supporting the hypothesis that observed negative shifts of δ13C-CO2
Fig. 10.NDVI data obtained from theMOD13A3 product (https://lpdaac.usgs.gov/dataset_
discovery/modis/modis_products_table/mod13a3_v006), distributed at monthly
temporal resolution and 1 km spatial resolution. Mean values of an area of 25 × 25 km
centered on the measurement site were computed, with the corresponding 95%
confidence intervals. Grid cells with an NDVI value lower than 0.2, likely related to
entirely urban surfaces, were excluded from the computation.
(Fig. 9) were likely driven by plant photosynthesis at the regional
scale, considering the Florence peri-urban green areas.

4.2. Urban CH4 levels and emitting sources

The measured CH4 concentrations constantly exceeded the global
background value (~1.85 ppm in 2017; Dlugokencky, 2018; Fig. 6a), as
commonly observed in urban areas (e.g. Lowry et al., 2001; Nakagawa
et al., 2005; Górka et al., 2014; Chamberlain et al., 2016; Zazzeri et al.,
2017) and, in general, they were inversely correlated to wind speeds,
suggesting that CH4 levels in air were mostly related to boundary
layer dynamics and local sources. Seasonal fluctuations in CH4 concen-
trations in air were observed (Fig. 6a), themonthly average valuesmea-
sured inOctober, November andDecember being 8.5, 20 and13% higher
than those observed in July, respectively. Similarly, a sharp excursion in
the isotopic data towards heavier values was observed in fall with re-
spect to summer (Fig. 6b). The observed seasonal trends in both concen-
trations and CH4 isotopic ratios point to the occurrence of variations in
relative contributions from emitting sources and active sinks during
the year.

The diurnal cycle of CH4 concentrations (Fig. 7a) was relatively sim-
ilar to that observed for those of CO2, suggesting the occurrence of com-
mon emitting sources for the two gaseous contaminants and/or a strict
control of the boundary layer dynamics. On the other hand, the isotopic
ratios of CH4 showed a less clear diurnal variation. In July, the δ13C-CH4

values were relatively constant (Fig. 7b), pointing to the absence of rel-
evant local emitting sources during daytime, and oscillating around
−51‰ vs. V-PDB. This value is similar to those reported for biogenic
sources, including landfills (around −58‰ vs. V-PDB; e.g. Zazzeri
et al., 2017), agriculture- and livestock-related emissions (from −66
to −55‰ vs. V-PDB; e.g. Levin et al., 1993; Lowry et al., 2001;
Townsend-Small et al., 2012; Zazzeri et al., 2017 and references
therein), wetlands (around −60‰ vs. V-PDB; e.g. Quay et al., 1988)
and, in particular, emissions from wastewater treatments (around
−53‰ vs. V-PDB; Zazzeri et al., 2017). The decrease in CH4 concentra-
tions during daytime with respect to nocturnal values was consistent
with the boundary layer diurnal cycle and possibly enhanced by the
degradation of tropospheric methane with OH radicals produced by
photolysis of ozone in the summer period (e.g. Cicerone and
Oremland, 1988; Bréas et al., 2001). During fall, the δ13C-CH4 values
showed a regular trend in November and December, characterized by
minimum values during nighttime and a progressive 13C-enrichment
during daytime (Fig. 7c), likely related to emissions from domestic
heating and evening traffic trapped in the NBL, as observed in other cit-
ies (e.g. Zazzeri et al., 2017). Differently, in October, when the highest
monthly average CH4 concentrationwasmeasured, the δ13C-CH4 values

https://lpdaac.usgs.gov/dataset_discovery/modis/modis_products_table/mod13a3_v006
https://lpdaac.usgs.gov/dataset_discovery/modis/modis_products_table/mod13a3_v006


Fig. 11. Weekly variations in δ13C-CH4 values in October. The bold line shows hourly means, whilst the shaded areas represent 95% confidence intervals.
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appeared to be inversely correlated to the diurnal variations of the con-
centrations, the heavier isotopic ratios being associated with the mini-
mum CH4 concentrations around 17:00 (Fig. 7a,c). Whilst the decrease
of CH4 concentrations at 17:00 indifferently characterized weekdays
and weekends, the sharp increase in the δ13C-CH4 values was only re-
corded during weekdays (Fig. 11), strongly supporting that the ob-
served trend was related to anthropogenic activities. The peak in the
δ13C-CH4 values occurred concomitantlywith the rise of vehicular traffic
during the evening traffic rush hour, whose emissions are typically
characterized by 13C-enriched CH4 with δ13C values ranging from −32
to −26‰ vs. V-PDB, although even higher values (−9 ± 0.3‰ vs. V-
PDB) may result from modern vehicles equipped with catalytic con-
verters (Nakagawa et al., 2005 and references therein).

In Fig. 12, the Keeling plot for δ13C-CH4 and 1/CH4 values is reported.
Whilst summer data appeared largely dispersed, fall data were appar-
ently aligned along a mixing trend between a background value and a
CH4 emitting source. In order to determine the weighted average isoto-
pic value of the daily emitted CH4 (δ13Cs) during the fall season, only
nighttime (h 0–5) data were taken into account and a data filtering
was operated, similarly to that applied for the CO2 measurements, ac-
cording to the following criteria (Chamberlain et al., 2016 and refer-
ences therein): (i) a CH4 concentration range ≥ 0.1 ppm was
measured each night; (ii) linearity in the OLS regression of δ13CO2 on
1/CO2 was checked applying significance and r2 thresholds (P b 0.05
and r2 N 0.50); and (iii) the intercept standard errors were lower than
2‰. The resulting δ13Cs values of the emitted CH4 ranged from −51.2
to −47.0‰ vs. V-PDB in October, from −55.8 to −46.7‰ vs. V-PDB in
November and from −52.1 to −39.6‰ vs. V-PDB in December. These
values were lower than those related to vehicular emissions and higher
than those associated with emissions from agriculture and waste man-
agement. On the other hand, the estimated δ13Cs values approached the
isotopic signature of natural gas (around−44‰ vs. V-PDB; Schwietzke
et al., 2016; Sherwood et al., 2017). Since no relevant differences were
observed in the δ13Cs values prior and after November 1, 2018, i.e. the
Fig. 12. Keeling plots of δ13C-CH4 vs. 1/CH4 for each month referred to nigh
beginning of the domestic heating season, our data suggest that signifi-
cant emissions of CH4 in the metropolitan area during the fall season
were related to leakage from the natural gas pipeline network, which
is relatively constant and de-correlated from actual natural gas usage
(Gioli et al., 2012).

5. Conclusions

The continuous monitoring of CO2 fluxes, and atmospheric CO2 and
CH4 concentrations and carbon isotopic ratios (δ13C-CO2 and δ13C-
CH4) performed in July 2017 and from October to December 2017
from the roof of the Ximenes Observatory in Florence revealed that
the city largely contributed to the atmospheric emission of GHGs. The
release of CO2 from the urban area was higher during fall and related
to human activities (vehicular traffic and, more importantly, domestic
heating). Despite the ongoing local policies to reduce carbon footprint
related to urban mobility, the estimated vehicular emissions accounted
for 90% of local CO2 sources during summer, whereas 75% of CO2 emis-
sions during fall were related to domestic heating. Overall, natural gas
combustion can then be regarded as the major source of the yearly-
emitted CO2 from Florence, in agreement with monitoring surveys con-
ducted in metropolitan areas worldwide (e.g. Clark-Thorne and Yapp,
2003; Górka and Lewicka-Szczebak, 2013; Moore and Jacobson, 2015;
Chamberlain et al., 2016; Pang et al., 2016). From a meta-analysis of
the urban eddy covariance datasets, natural gas heatingmakes Florence
the second city in terms of absolute CO2 emissions to the atmosphere
after London (Björkegren and Grimmond, 2018). This ranking is also fa-
vored by the presence of relatively high building density, high popula-
tion density including tourism-related short-term visitors, relatively
low energy efficiency due to old urban fabric, and low urban green
spaces. This set of characteristics makes this site especially suited to iso-
late the role and atmospheric signature of anthropogenic sources that
are not significantly offset by current green urban infrastructures,
even though the δ13C-CO2 data highlighted an isotopic fractionation of
ttime data (h 0–5; solid dots) and daytime data (h 6–23; shaded dots).
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atmospheric CO2 related to photosynthetic activity. Nevertheless, vege-
tation impacted the CO2 levels in air for few hours in October and, to a
lesser extent, in November, as a consequence of seasonal changes in
plant activity related to meteorological parameters, whereas it was
overwhelmed by anthropogenic emissions during most of the moni-
tored periods. These results suggest that initiatives directed to reduce
anthropogenic CO2 emitting sources should be complemented by
urban planning strategies devoted to massively increase green infra-
structures in the metropolitan area.

On the other hand, the seasonal and diurnal trend in concentrations
and isotopic composition of CH4 revealed that the local emitting sources
were mainly related to natural gas employment, although vehicular
traffic also contributed to the release of this GHG to the atmosphere.
Since no relevant changes were observed prior and after the start of
the domestic heating, our data suggest that urban CH4 emissions were
mainly related to leakage from the natural gas pipeline network. Simi-
larly, seasonality in urban CH4 emissions related to natural gas use
was reported for other cities, such as Boston (McKain et al., 2015),
London (Lowry et al., 2001; Helfter et al., 2016), Łódź (Pawlak and
Fortuniak, 2016) and Los Angeles (Townsend-Small et al., 2012), dem-
onstrating that fugitive CH4 emissions are a major challenge for the as-
sessment of global urban CH4 budget. Accordingly, in the present study
an isotopic partitioning-based top-down approach was applied to pro-
vide a valuable alternative for the assessment of fugitive gas emissions
to the traditional bottom-up methods, which commonly result in large
uncertainties and divergences (e.g. Brandt et al., 2016; Balcombe et al.,
2017; Alvarez et al., 2018). Overall, the methodology presented here
was successful in partitioning individual contributions to total GHG
emissions and proved to be a powerful observational tool to be de-
ployed in cities to improve source categories attributions.
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