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• The outbreak of COVID-19 pandemic
abruptly reduced CO2 emissions at
urban scale.

• A rapid response of CO2 flux measure-
ments in Florence was observed.

• δ13C-CO2 values recorded the change in
the prevailing urban CO2 emitting
sources.

• The daily CO2 enhancement reflected
changes in the strength of emitting
sources.

• COVID-19 pandemic resulted in appre-
ciable reductions of CO2 levels in urban
air.
⁎ Corresponding author at: Department of Earth Scienc
E-mail address: stefania.venturi@unifi.it (S. Venturi).

https://doi.org/10.1016/j.scitotenv.2021.148877
0048-9697/© 2021 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 17 April 2021
Received in revised form 10 June 2021
Accepted 2 July 2021
Available online 3 July 2021

Editor: Pavlos Kassomenos

Keywords:
COVID-19 pandemic
Greenhouse gas
CO2

Urban air
Carbon footprint
The outbreak of COVID-19 pandemic was accompanied by global mobility restrictions and slowdown in
manufacturing activities. Accordingly, cities experienced a significant decrease of CO2 emissions. In this study,
continuous measurements of CO2 fluxes, atmospheric CO2 concentrations and δ13C-CO2 values were performed
in the historical center of Florence (Italy) before, during and after the almost two-month long national lockdown.
The temporal trends of the analyzed parameters, combined with the variations in emitting source categories
(from inventory data), evidenced a fast response of fluxmeasurements to variations in the strength of the emit-
ting sources. Similarly, the δ13C-CO2 values recorded the change in the prevailing sources contributing to urban
atmospheric CO2, confirming the effectiveness of carbon isotopic data as geochemical tracers for identifying
and quantifying the relative contributions of emitting sources. Although the direct impact of restrictionmeasure-
ments on CO2 concentrations was less clear due to seasonal trends and background fluctuations, an in-depth
analysis of the daily local CO2 enhancement with respect to the background values revealed a progressive de-
crease throughout the lockdown phase at the end of the heating season (>10 ppm), followed by a net increase
(ca. 5 ppm) with the resumption of traffic. Finally, the investigation of the shape of the frequency distribution
of the analyzed variables revealed interesting aspects concerning the dynamics of the systems.
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1. Introduction

The alarming spread and gravity of the Severe Acute Respiratory
Syndrome Coronavirus-2 (SARS-CoV-2) infection led, on March 11,
2020, theWorld Health Organization (WHO) to declare the coronavirus
(COVID-19) outbreak a global pandemic. Consequently,worldwide gov-
ernments adopted strategic restrictive measures suppressing industrial
and commercial activities, limiting humanmovements (including social
distancing), in order to contain the diffusion of confirmed positive cases
and number of deaths (Brauner et al., 2020; Haug et al., 2020). As a col-
lateral effect, these restrictions produced a suite of indirect positive im-
pacts on the environment, largely improving bothwater and air quality,
as documented by recent literature (e.g. Abdullah et al., 2020; Adams,
2020; Baldasano, 2020; Berman and Ebisu, 2020; Dantas et al., 2020;
Gualtieri et al., 2020; Khan et al., 2020; Kerimray et al., 2020; Li et al.,
2020; Liu et al., 2020; Mahato et al., 2020; Otmani et al., 2020; Paital,
2020; Sharma et al., 2020; Tobías et al., 2020; Wang et al., 2020; Elsaid
et al., 2021; Han et al., 2021). Similarly, a clear reduction in greenhouse
gas (GHG) emissions due to COVID-related restrictions was observed,
with a decrease in daily global CO2 emissions at national scale ranging
from 11 to 25% by April 2020 compared to 2019 levels (Le Quéré et al.,
2020) and an overall drop in global CO2 emissions of 6.4% (correspond-
ing to 2.3 billion tons) in 2020 (Tollefson, 2021). On the other hand, the
COVID-19-related CO2 emission drop in May 2020 was estimated to ac-
count only for 0.4 ppm on the expected concentration of CO2 in the at-
mosphere at a global scale (Betts et al., 2020), equivalent to a reduction
of about 0.1%. Accordingly, the atmospheric CO2 concentrations mea-
sured at the Mauna Loa Observatory (Hawaii, USA) increased by 0.7%
(up to 416.21 ppm) in April 2020 compared with April 2019 (Tans
and Keeling, 2020).

While at the global scale the COVID-related emission reductions
were relatively small and the impact onGHG concentrationswas hardly
detectable, the pandemic-related restrictions had a disproportionate ef-
fect on atmospheric CO2 at urban scale,where emission reductionswere
expected to be large and the impact on CO2 concentrations detectable. It
is well established that cities are responsible for ~70% of energy-related
GHG emissions (Hoornweg et al., 2011), mostly related to housing and
traffic sectors (Pichler et al., 2017), and their relevance in terms of CO2

emissions driving global climate change is widely recognized (Duren
and Miller, 2012; Baur et al., 2014). An ICOS report (Papale et al.,
2020), where monitoring net emissions of CO2 at neighborhood scale
over several cities throughout Europe were described, showed that
the reduction in urban CO2 release to the atmosphere during lockdown
ranged from 8 to 75%, as a function of the underlying urban activities
and extension of urban green spaces. Turner et al. (2020) estimated a
30% drop in urban CO2 emissions from the San Francisco Bay Area (Cal-
ifornia, USA), mostly related to changes in traffic. Similarly, Liu et al.
(2021) evidenced a clear decrease and change in temporal patterns of
on-road CO2 concentrations in Beijing (China) due to the pandemic-
related restrictions to urban mobility. Wu et al. (2021) estimated a de-
crease of 7.5% of atmospheric CO2 concentrations in the urban area of
Xi'an (China) during the lockdown period, although the relaxation of
confinement measures rapidly re-established CO2 levels similar to
those observed in 2019. Accordingly, the COVID-19 outbreak and the re-
lated population confinement strategies have provided a unique,
thoughunexpected, opportunity to empirically assess the effect of emis-
sions cutting on urban CO2 plume and the impact of the progressive re-
sumption of urban normal functions at the end of the lockdownperiods.
Such information is crucial for assessing the actual impact of local
policymakers' efforts to mitigate climate change (IPCC, 2018; Mitchell
et al., 2018) and to test the effectiveness of the implementation of
green technologies (e.g. Turner et al., 2020; Wu et al., 2021). Moreover,
this critical juncture in the world history allowed to effectively assess
emission changes (measured by eddy covariance) and source categories
(inventory data) by looking at GHG isotopic and concentration values
and local CO2 enhancement with respect to background values.
2

Nevertheless, to the best of our knowledge, no study has been published
involving a comprehensive monitoring of urban CO2 during the COVID-
related lockdown, i.e. including flux, concentration and carbon isotope
measurements.

In this study,we explored the real-timevariation in atmospheric CO2

and the isotopic carbon composition in the historical center of Florence
(Italy), coupled with CO2 fluxmeasurements performed over the urban
canopy, during and immediately after the heavy COVID-19 restrictions.
Florence city center was selected based on two main reasons:
(i) availability of a full dataset covering the whole study period, includ-
ing observations of CO2 concentrations, CO2 fluxes, meteorological pa-
rameters, and carbon isotopic composition; (ii) the evidence, after
Vaccari et al. (2013), that the contribution of urban vegetation to CO2

fluxes over Florence city center is negligible, so that the origin of CO2

emissions in the study area is fully anthropogenic. A comparison with
the temporal variation in atmospheric CH4 concentrations and carbon
isotopic composition was also performed. The aims of this study were
to: (i) assess the impact of national confinement on the urban CO2

plume in terms of both fluxes and atmospheric concentrations; (ii) in-
vestigate the associated variations in the carbon isotopic signature of at-
mospheric CO2; and (iii) analyze the response of urban CO2 fluxes and
concentrations to variations of anthropogenic emissions. The produced
dataset offered insights on drivers and dynamics regulating the urban
carbon cycle, contributing to fill knowledge gaps in the current under-
standing of anthropogenic and natural processes controlling the urban
carbon footprint (e.g. Hutyra et al., 2014; Marcotullio et al., 2014;
Mitchell et al., 2018) and providing indications to policymakers on
where to direct efforts to achieve carbon neutrality.

2. Material and methods

2.1. Characteristics of the study area and timing of COVID-relatedmeasures

The study area was located in the city of Florence, in central Italy
(Fig. 1). Italy was the first country in Europe adopting restrictions to
counteract the COVID-19 infection outbreak. On March 9, 2020, the
Italian Prime Minister issued the decree law informally named
#Iorestoacasa (in Italian for “I stay at home”) which established a
national lockdown (“phase 1”), limiting movements for all the people
with exception of documented work needs, emergencies or health
reasons, promoting smart working and restricting recreational and
commercial activities. After two months of national lockdown, the so-
called “phase 2” started in Italy on May 4, 2020, progressively easing
restrictions and allowing people to travel within their residence region.
Accordingly, traffic progressively resumed, although the pre-lockdown
levels did not completely restore due to the persistent closure of
schools, universities, and most public offices and commercial activities,
as well as the lack of tourism-related movements. Eventually, phase 3,
in force since July 12, 2020, reduced limitations and restored themajor-
ity of industrial and commercial activities. The drastic travel restrictions
imposed to some 60 million people and the stop to most of the eco-
nomic activities during the national lockdown produced a considerable
reduction of road traffic and, consequently, of short-term pollutants
(e.g. NO2, CO, SO2, C6H6) levels in urban air (e.g. Collivignarelli et al.,
2020; Tobías et al., 2020), as impressively depicted by satellite imagery
(e.g. Bauwens et al., 2020; Zambrano-Monserrate et al., 2020) and reg-
istered by the air quality monitoring network managed by the Italian
Environmental Agency (ARPA). Similarly, GHG emissions plummeted,
with a reduction of the anthropogenic carbon footprint of 20% with re-
spect to 2015–2018, corresponding to avoided GHG emissions in be-
tween ~5.6 and ~10.6 Mt CO2 equivalents (Rugani and Caro, 2020). In
Florence, the urban CO2 emissions inMarch and April 2020 experienced
a reduction of 45% compared to previous years (Papale et al., 2020).

The measurements were carried out in the highly urbanized city
center of Florence (3683 inhabitants/km2; Fig. 1),which is characterized
by a network of streets and alleys and hosts residential, tertiary and



Fig. 1. Satellite images of (i) the metropolitan area and (ii) the historical center of Florence (Italy). The location of the monitoring sites (Ximenes Observatory and DST-Unifi) is shown
(white pentagons).
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commercial sectors. Differently, the industrial district is in the suburb of
the city. Consequently, gas emissions in the city center aremainly deriv-
ing from vehicular traffic and domestic heating, accounting for about 35
and 65% of CO2 emissions (Regione Toscana, 2010; Gioli et al., 2012,
2015; Venturi et al., 2020). According to the Italian regulations of condo-
minium heating plants, the ignition of domestic heating is established
on the basis of climatic zone (DPR no. 412 of 26/08/1993). In the city
of Florence, a maximum of 12 h per day from Nov. 1st to Apr. 15th is
allowed for residential heating usage.

Overall, the data presented in this study encompassed the period
from before the forced confinement time to the easing of restrictions
in spring 2020. In particular, the monitored period can conveniently
be subdivided into 4 sub-intervals, i.e. (i) the pre-COVID phase (hereaf-
ter, “PRE”), including data acquired before the onset of the national lock-
down (i.e. until March 8, 2020), (ii) the lockdown phase from March 9
to April 15 (hereafter, “LH”), when domestic heatingwas active andmo-
bility restrictions were in force, (iii) the lockdown period from April 16
to May 3 (hereafter, “LN”), i.e. when domestic heating was switched off
but mobility restrictions persisted, and (iv) the onset of phase 2 (here-
after, “P2”), started on May 4, when mobility restrictions were progres-
sively lifted.
2.2. Measurements of CO2 fluxes, concentrations and carbon isotopic
composition

Turbulent fluxes of energy, momentum and CO2 were measured
with the eddy covariance (EC) technique at half-hourly resolution
from the equipment positioned on the roof of the Ximenes Observatory
(43° 47′ N, 11° 15′ E; Fig. 1), located in a pedestrianized area of the city
center, ca. 33 m above the ground level and 18 m above the average
building height. A three-dimensional sonic anemometer (Metek USA-
1, Metek GmbH, Elmshorn Germany), and a CO2 and H2O open-path in-
frared gas analyzer (Licor LI-7500A, Li-Cor Inc., Lincoln, Nebraska, USA)
were logged at the frequency of 20 Hz and fluxes were computed by
means of the EddyPro software package (Li-Cor Inc., https://www.
licor.com/env/support/EddyPro/software.html). Within the software
package, raw data were treated with appropriate corrections, such as
despiking of gas analyzer data (Vickers andMahrt, 1997), high-pass fil-
tering with linear detrending and coordinate axis rotation (Aubinet
et al., 2000) and corrections for air density fluctuations (Webb et al.,
1980). Quality-control procedures were applied according to Foken
andWichura (1996) procedure. Single point storage correction was ap-
plied as described in Papale et al. (2006).More detail on the experimen-
tal setup at this site can be found in Gioli et al. (2015). Moreover,
3

standard meteorological parameters were acquired with a weather sta-
tion. Both EC and weather station were active since 2005. In the frame-
work of this study, data from February 1 to June 4, 2020, were collected.

Concentrations and carbon isotopic compositions of CO2 and CH4

(δ13C-CO2 and δ13C-CH4, expressed in ‰ vs. V-PDB) in air were contin-
uously measured at the Department of Earth Science at University of
Florence (DST-Unifi, 43° 46′ N; 11° 15′ E; Fig. 1), ca. 550 m away from
the Ximenes Observatory and along a generally lightly trafficked road,
using a Picarro G2201-i cavity ring-down spectrometer (CRDS) instru-
ment. Measurements were performed from April 2 to June 4, 2020,
with a one-second frequency. The Picarro analyzer was housed inside
the Laboratory of Fluid Geochemistry at the Department of Earth Sci-
ences of Florence (DST-Unifi) and connected through a Teflon tube to
the outdoor, i.e. the internal courtyard of DST-Unifi. The tube was
fixed at a height of 2mabove the ground level. The precisionwaswithin
0.2 and 0.05 ppm for CO2 and CH4 concentrations, respectively, and 0.16
and 1.15‰ vs. V-PDB for δ13C-CO2 and δ13C-CH4, respectively.
2.3. Urban mobility and natural gas consumption by domestic heating
amounts

Urban road mobility data were collected from the online platform
developed by EnelX Italia LLC and Here Technologies (EnelX and Here,
2020), where traffic flows from February 17 to June 4, 2020, were
expressed as daily normalized variations with respect to a standard ref-
erence period, i.e. to the weighted average of the flows recorded from
January 13 to February 16, 2020, assumed as a baseline mobility condi-
tion prior to the onset of COVID-19-related restrictions.

Daily variations in natural gas consumption by domestic heating
were provided by Estra Ltd. for the period from February 1 to June 4,
2020, and were expressed as daily normalized variations with respect
to the monthly average gas consumption during January 2020.
2.4. Explorative and statistical methods

Data reduction (hourly and daily averages and rolling averages; see
below) and analysis were carried out using R (R Core Team, 2017) im-
plemented with the Openair package (Carslaw and Ropkins, 2012;
Carslaw, 2014) and Matlab R2020b licensed to the University of Flor-
ence. The acquired data were referred to local time, i.e. CEST (Central
European Summer Time). The daily cycles of the measured variables
were obtained through the Openair package from the average values
per each hour of the day; the 95% confidence interval was also

https://www.licor.com/env/support/EddyPro/software.html
https://www.licor.com/env/support/EddyPro/software.html
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calculated to take into account the variability of the measured parame-
ters (Carslaw, 2014).

In order to smooth out short-term erratic fluctuations of measured
values related to transient effects, e.g. (i) sudden changes of meteoro-
logical conditions, (ii) weekly variations in emitting sources, or (iii) for-
tuitous external factors, 15 days rolling-averages were considered. The
latter were calculated for each day as the average of the previous
15 days (e.g. the 15days rolling average referred to April 17 represented
the average of daily values from the interval April 3 to 17). The selected
time interval approximately corresponded to the duration of LH and LN
observation periods, allowing to investigate the impact of domestic
heating season and COVID-19-related restrictions on the measured
parameters.

The explorative analysis was followed by the investigation of the dy-
namics of the measured variables by using distributional analysis to
probe the resilience to change, presence of alternative states, autocorre-
lation in time (Scheffer et al., 2012). The key idea is that the shape of the
probability density function describing the behavior of the variables is
able to give information about governing dynamics of the system (van
Rooij et al., 2013). In this framework, the dynamics of the systems was
categorized in component-dominant dynamics and interaction-
dominant dynamics (Holden et al., 2009; Holden and Rajaraman,
2012). In the first case, the event-distributions reflect the activity of iso-
lable components, their time-course and an unsystematic additive
source of noise. By contrast, in the second case coordination and cou-
pling among processes emerge, so that interactions play a fundamental
role generative multiplicative and cascade effects. The distributional
analysis was performed on half-hourly averaged CO2 fluxes and on
one-second data for CO2 concentrations and δ13C-CO2 values.

3. Results

The daily-averaged urban CO2 fluxes showed a first sharp decrease
from PRE (median value of 37.1 μmol m−2 s−1) to LH (median value of
13.3 μmol m−2 s−1) phase, and a second drop after the end of the
heating season, i.e. during LN phase (median value of 3.51 μmol m−2

s−1). A small increase in EC flux measurements was observed during
P2 phase, when, however, CO2 fluxes (median value of 4.05 μmol m−2

s−1) remained one order of magnitude lower than thosemeasured dur-
ing the PRE phase. A similar trend was observed in the daily-averaged
CO2 concentrations measured by the EC monitoring station, with the
highest values being recorded during the PRE phase (with a median
value of 434 ppm), followed by a sharp drop during the LH phase
(with a median value of 407 ppm) and a minor decrease during the
LN phase (with a median value of 402 ppm), whereas the onset of the
P2 phase was characterized by a slight increase in CO2 concentrations
(with a median value of 406 ppm).

The daily-averaged CO2 concentrations measured by the Picarro an-
alyzer at the street level showed a slight decrease (i.e. few ppm)
throughout the whole observation period, with median values of
435.5, 431.8 and 427.9 ppm in the LH, LN and P2 phases, with values
ranging from 420.1 to 441.8 ppm, from 418.9 to 435.6 ppm and from
413.1 to 439.8 ppm, respectively. Conversely, the δ13C-CO2 values
showed an overall increase, ranging from −12.1 to −10.7‰ vs. V-
PDB, from −11.7 to −10.6‰ vs. V-PDB and from −11.4 to −9.75‰
vs. V-PDB in the LH, LN and P2 phases, with median values of −11.7,
−11.3 and −10.6‰ vs. V-PDB, respectively.

The daily-averaged CH4 concentrations displayed a small decrease
(<0.1 ppm) throughout the whole monitoring period, with median
values of 2.06, 2.05 and 2.04 ppm during the LH, LN and P2 phases,
with values oscillating, respectively, from 1.99 and 2.09 ppm, from
1.99 to 2.08 ppm, and 1.98 and 2.08 ppm. The δ13C-CH4 values increased
from a median value of −48.1‰ vs. V-PDB during the LH phase, to
−47.5 and −47.1‰ vs. V-PDB in the LN and P2 phases, respectively,
with values from −48.5 and −47.6‰ vs. V-PDB, from −48.6 to
−47.2‰ vs. V-PDB and from−47.4 to−46.5‰ vs. V-PDB, respectively.
4

4. Discussion

4.1. Temporal variations of urban road mobility and natural gas
consumption

The adoption of confinement measures to control the COVID-19
pandemic produced an abrupt reduction in the urban road mobility in
Florence, as shown in Fig. 2A. Even before the national lockdown im-
posed by the#Iorestoacasa decree law, the data registered a sensible de-
crease in the road traffic, likely due to reductions in tourism flows.
However, after March, 9, when Italians were forced to stay at home,
road traffic dropped sharply and rapidly, with a reduction of ca. 65%
with respect to pre-COVID levels. On the other hand, despite the persis-
tence of school closures and limits on interregional movements, urban
traffic flows rapidly increased after the end of the confinement time,
reaching values higher than 60% of pre-COVID traffic levels after May
18,with the sole exception of a temporary reduction of roadmobility re-
lated to the Italian national holiday of June 2 (Republic Day). It has to be
considered that the pandemic likely changed the citizens' travel habits,
such as a significant reduction of the public transportation due to the
risk of contagion and a relative increase of private means of transport,
including environmental sustainable vehicles, e.g. bicycles and electric
scooters favored by the pleasant spring weather, but also private cars
(Lozzi et al., 2020).

As evidenced by data provided by Estra Ltd., the natural gas con-
sumption appeared to be mainly driven by domestic heating controlled
by climate conditions, as clearly results from the comparison of tempo-
ral trends in daily-averaged natural gas demand (Fig. 2B) and air tem-
peratures (Fig. 2C) which displayed a strong negative correlation
(non-parametric Spearman's correlation coefficient r=−0.94). A dras-
tic cut in the natural gas demand was recorded during the first half of
April 2020, i.e. at the end of the heating season and corresponding to a
progressive increase in air temperatures, when gas consumption
dropped from >60% with respect to the standard reference period to
less than 30%. A stabilization at ca. 14% with respect to January levels
was observed from the beginning of May to June 4, which was mostly
attributable to gas consumption due to cooking and water heating.
The diurnal pattern of natural gas consumption (Fig. 2D) experienced
as expected a higher demand during daytime. Notably, three peaks oc-
curred when the domestic heating systems were on, i.e. at ca. 06–08,
12 and 18–20. The morning and evening peaks were more pronounced
during the PRE and LH phases, whereas the three peaks were compara-
ble and hardly distinguishable from the diurnal baseline during the LN
and P2 phases, confirming the drop of natural gas consumption at the
end of the heating season.

4.2. Temporal variations in the carbon isotopic fingerprint of atmospheric
CO2

The change in urban CO2 emitting sources in response to both con-
finement provisions and seasonality was expected to produce a change
in the carbon isotopic signature of CO2 in urban air. In fact, CO2 emis-
sions from natural gas combustion and vehicular traffic are character-
ized by distinguishable carbon isotopic compositions, i.e. from −44 to
−37‰ vs. V-PDB (e.g. Clark-Thorne and Yapp, 2003; Widory and
Javoy, 2003; Chamberlain et al., 2016; Pang et al., 2016) and ca. −27‰
vs. V-PDB (e.g. Clark-Thorne and Yapp, 2003; Widory and Javoy, 2003;
Zimnoch, 2009; Górka and Lewicka-Szczebak, 2013; Pang et al., 2016),
respectively. Once released in the atmosphere, the emitted gas mixes
with background CO2, which is characterized by a markedly higher iso-
topic ratio (i.e.−8.6‰ vs. V-PDB, as annual averagemeasured in 2019 at
Mauna Loa Observatory; Keeling et al., 2005). Actually, the measured
δ13C-CO2 values (from−12.1 to−9.75‰ vs. V-PDB) were intermediate
between those anthropogenic sources and background values. As
shown in Fig. 3A, the daily averages of δ13C-CO2 values showed an over-
all increasing trend during the observation period, with a flattening



Fig. 2. (A) Road traffic (in %), (B) natural gas consumption (in %) and (C) temperature (in °C, in reverse scale) variations. Road mobility and natural gas consumption were normalized as
described in the text. The colored areas refer to PRE (red), LH (orange), LN (yellow) and P2 (cyan) phases. (D) Diurnal cycle of natural gas consumption (in %), normalized as described in
the text, during PRE (red curve), LH (orange curve), LN (yellow curve) and P2 (cyan curve) phases. The shaded areas represent 95% confidence intervals.
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around−10.5‰ vs. V-PDB starting from the second half of May, which
could be ascribed to a progressive decrease in the amount of non-
background CO2 in air as well as to a change in the isotopic composition
Fig. 3. (A) Temporal pattern of δ13C-CO2 values, expressed as daily averages (black dashed curv
analysis, expressed as daily averages (grey dashed curve) and 15-day rolling averages (blue cur
as daily averages (black dashed curve) and 15-day rolling averages (red curve), (ii) CO2 concentr
dashed curve) and 15-day rolling averages (blue curve), and (iii) CO2 concentrations (in ppm
dashed curve) and 15-day rolling averages (purple curve). The colored areas refer to PRE (red)

5

of the emitted CO2. To verify this hypothesis, a Keeling plot analysis
(Keeling, 1958, 1961) was performed on the measured data in order
to assess the temporal evolution of the carbon isotopic signature of
e) and 15-day rolling averages (red curve). The δ13Cs values resulting from the Keeling plot
ve), are also reported. (B) Temporal pattern of (i) CO2 fluxes (in μmolm−2 s−1), expressed
ations (in ppm)measured at street level atDST-Unifi and expressed as daily averages (grey
) measured at roof level at Ximenes Observatory and expressed as daily averages (orchid
, LH (orange), LN (yellow) and P2 (cyan) phases.
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CO2 emitted from the urban sources (δ13Cs, in ‰ vs. V-PDB). According
to this method, the δ13Cs valueswere calculated from themeasured CO2

concentrations and δ13C-CO2 values as the intercept of the data regres-
sion line on a δ13C-CO2 vs. 1/CO2 binary plot (not shown) by adopting a
series of quality criteria, i.e. considering (i) 5 h intervals of monotonous
increase of hourly-averaged CO2 concentrations, (ii) a r2 threshold of
0.75 and (iii) an intercept standard error limit of 2‰ (e.g. Pataki et al.,
2003a, 2003b; Chamberlain et al., 2016; Vardag et al., 2016; Venturi
et al., 2020). The resulting δ13Cs values, representing the carbon isotopic
signature of the non-background CO2, expressed as both (i) daily aver-
ages (grey dashed curve) and (ii) 15-day rolling averages (blue
curve), ranged from−36.8 to−25.0‰ vs. V-PDB, with a progressive in-
crease from ca.−32.1‰ in LH to ca.−27.2‰ at the end of May and the
beginning of June (Fig. 3A), confirming an evolution in the isotopic com-
position of the CO2 emitted in the urban area. In particular, the obtained
temporal trend highlighted the rapid response of carbon isotopic data to
changes in emitting sources, i.e. from a relevant though progressively
CO2 decreasing input to the atmosphere from natural gas combustion
during the LH phase to a largely prevailing traffic-derived CO2 during
the P2 phase.
4.3. Temporal patterns of urban CO2 fluxes

While isotopic data revealed a drastic change in the origin of urban
atmospheric CO2 caused by changes in citizens' habits, either related
or not to COVID-induced restrictions, the amount of the emitted CO2

from the urban area can be evaluated by analyzing the temporal evolu-
tion in EC measurements. As shown in Fig. 3B, where the temporal var-
iation of urban CO2 fluxesmeasured in Florence before, during and after
the confinement time is reported in terms of both (i) daily averages
(black dashed curve) and (ii) 15-day rolling averages (red curve),
daily CO2 flux averages were characterized by a wide day-by-day vari-
ability. However, a clear stepwise decreasing trend was recognized,
with three distinct time intervals of nearly steady-state conditions
being separated by abrupt and sudden shifts and roughly corresponding
to PRE, LH and LN phases. In particular, the temporal evolution in urban
CO2 fluxes at the beginning of the lockdown period (from PRE to LH
phases) resembled that of roadmobility (Fig. 2A), with a ca. 60% reduc-
tion coincident with the entry into force of the#Iorestoacasa decree law
(Fig. 3B). The transition from PRE to LH phases was characterized by
changes in the diurnal cycle of CO2 fluxes (Fig. 4A), as follows:
(i) overall reduction of ca. 23 μmol m−2 s−1 on average (corresponding
to a drop of ca. 62% with respect to PRE levels), increasing at 30 and
Fig. 4. (A) Diurnal cycle of CO2 fluxes (in μmol m−2 s−1) during PRE (red curve), LH (orange cur
fluxes during LN and P2 phases is reported. In (C), diurnal cycle of CO2 concentrations (in ppm
phases is shown. The shaded areas represent 95% confidence intervals.
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36 μmol m−2 s−1 during the morning (8:00–11:00) and evening
(20:00–23:00) peaks, respectively (corresponding to a reduction of 48
and 78%, respectively), and (ii) disappearance of the evening peak in
the diurnal cycle of CO2 fluxes during the LH phase, mostly related to
the reduction in urban road traffic. Hence, the CO2 fluxes during the
LH phase (oscillating around 13 μmolm−2 s−1), beingmainly governed
by domestic heating, provided a rough estimation of CO2 emissions
from housing at the end of the heating season. Not surprisingly, the LN
phase, i.e. when the vehicular traffic was stopped, was characterized
by (i) an overall decrease of ca. 10 μmol m−2 s−1 in daily-averaged
CO2 fluxes with respect to LH phase (Fig. 3B), and (ii) the disappearance
of the morning peak in CO2 fluxes (Fig. 4B), with a drop of ca. 27 μmol
m−2 s−1 in the 8:00–11:00 time interval.

Lastly, no significant differences were observed in the CO2 fluxes be-
tween LN and P2 phases, although the more constant diurnal pattern
observed during the P2 phase (Fig. 4B) is likely testifying the resump-
tion of traffic as a major driver of CO2 fluxes from the urban area during
the non-heating season. A slight increase in the CO2 fluxes was indeed
observed after the beginning of phase 2, with an increase in daily-
averaged EC fluxes of ca. 0.06 μmol m−2 s−1 per day.
4.4. Temporal variations in urban CO2 concentrations

The observed temporal patterns in urban CO2 fluxes evidenced a
rapid response of EC measurements to changes in the urban sources of
GHG caused by COVID-related measures and domestic heating switch-
off, testified by the variations in δ13C-CO2 values. Similarly, despite the
small variations in concentrations and carbon isotopic values of CH4

throughout the observation period (<0.1 ppm and around 1‰ vs. V-
PDB; Fig. 5), the progressively increasing trend in the δ13C-CH4 values
confirmed the decrease in GHG contribution fromnatural gas consump-
tion during the LN and P2 phases. On the other hand, the impact of such
changes on urban atmospheric CO2 concentrations should not be con-
sidered so obvious. In fact, differently from short-term pollutants, CO2

persists in the atmosphere for long time, progressively accumulating
in a continuously increasing trend. As a consequence, despite the cut-
ting in CO2 emissions due to the COVID-19 crisis (Le Quéré et al.,
2020), a negligible effect was observed on the buildup of global atmo-
spheric CO2 levels (Betts et al., 2020), a phenomenon that was effec-
tively depicted with the renowned imagery of a filling bathtub: the
water inflow through the tub represents CO2 emissions, whereas the
water level corresponds to the CO2 concentration in the atmosphere,
which is the actual responsible for long-term climate change; hence,
ve), LN (yellow curve) and P2 (cyan curve) phases. In (B), a focus on diurnal pattern of CO2

) measured at DST-Unifi during LH (orange curve), LN (yellow curve) and P2 (cyan curve)



Fig. 5. Temporal pattern of (A) CH4 concentrations and (B) δ13C-CH4 values, expressed as daily averages (black dashed curve) and 15-day rolling averages (red curve). The colored areas
refer to PRE (red), LH (orange), LN (yellow) and P2 (cyan) phases.

S. Venturi, A. Randazzo, F. Tassi et al. Science of the Total Environment 795 (2021) 148877
even if the emissions are reduced, the bathtub continue to fill although
at a slower rate (Sterman and Sweeney, 2007; Sterman, 2011).

The temporal variation of daily CO2 concentration averages mea-
sured at street level is shown in Fig. 3B, where it is compared with
both ECmeasurements and daily CO2 concentration averages registered
by the EC station. Similarly to CO2 fluxes, daily CO2 concentration aver-
ageswere characterized by large day-by-day fluctuations. However, the
15-day rolling averages highlighted an overall decrease in diurnal CO2

concentrations during the whole monitoring period (Fig. 3B). While
data from EC station revealed strong decreases in CO2 concentrations
at the transition from PRE to LH phase and at the end of the heating sea-
son, CO2 levels from April to June showed minor variations at both roof
and street level. The diurnal CO2 concentrationsmeasured at street level
were higher than those recorded at the rooftop of the Ximenes observa-
tory, likely due to a vertical stratification and a buildup effect of atmo-
spheric CO2 concentrations within the urban street canyons.
Noteworthy, a steeper decrease in diurnal CO2 concentrationsmeasured
at street level was recognized during the LN phase after the end of the
heating season. However, differently from EC flux data, daily CO2 con-
centration averages did not show a clear stepwise trendwith shifts con-
comitant with changes in the urban emitting patterns. Similarly, no
relevant variationswere observed in the diurnal cycle of CO2 concentra-
tions (Fig. 4C), which were characterized by a peak around 06–08 and
lowest values during afternoon. The morning peak appeared to be
more pronounced during the LH phase and more flattened during the
LN phase.

However, it must be taken into account that measured CO2 concen-
trations are the results ofmixing betweenbackground levels and contri-
butions from emitting sources, with varying quantitative ratios as a
function of (i) variability of atmospheric turbulence, (ii) seasonal
changes in background concentrations and (iii) variations in the
7

strength of the emitting sources. Although the use of 15-day rolling av-
erages limited the influence of the first factor, the decreasing trend ob-
served in daily CO2 concentration averages could still be affected by
both seasonality, leading to a decrease in background CO2 levels in
spring and summer in the Northern Hemisphere, and changes in local
CO2 emissions. In order to distinguish these different effects, a statistical
analysis of the CO2 concentration data was performed. The frequency
distribution of data was investigated using histograms. As an example,
the histograms produced considering one-second-frequent CO2 concen-
trations of the whole dataset and of LH, LN and P2 phases are shown in
Fig. 6A–D, although similar histograms were constructed for each day
(not shown). The analysis of the histograms revealed that CO2 concen-
trations were described by the mixing of two distinct normal popula-
tions. The first one (hereafter, population A) was centered around
419 ppm and described the 60% of the whole dataset. The second one
(hereafter, population B) was centered around 445 ppm and repre-
sented the remaining 40% of the data. This indicates two alternative
states of the atmospheric CO2 levels, which roughly corresponded to
(i) afternoon and (ii) early morning rush hour (5:00–9:00) conditions
(Fig. 4C), i.e. related to (i) high convective turbulence conditions pro-
moting dispersion and dilution phenomena and (ii) more stable condi-
tions favoring buildup of airborne contaminants, respectively. The
temporal variation of the barycenter of the two populations, expressed
as 15-day rolling average, is shown in Fig. 6E. Population A displayed a
nearly constant decreasing trend, with a slope of ca. −0.14 ppm/day,
mostly related to seasonal fluctuations of the background CO2 levels
and seasonal variability of atmospheric turbulence dynamics. Differ-
ently, population B was characterized by a less regular pattern, with
an overall decreasing trend interrupted by a trough during the LN
phase. In order to decompose the temporal trend of population A and
remove the effect of seasonality, the difference between populations B



Fig. 6.Density distribution diagram of one-second-frequent CO2 concentrations (in ppm) of (A) thewhole dataset, (B) LH, (C) LN and (D) P2 phases. Blue and red curves depict population
A and B, respectively, as described in the text. (E) Temporal pattern ofmean CO2 concentrations (in ppm), expressed as 15-day rolling averages, obtained for populationsA (grey curve) and
B (black curve), as described in the text. The difference between the two populations is also reported (red curve). The colored areas refer to PRE (red), LH (orange), LN (yellow) and P2
(cyan) phases.
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and Awas calculated (Fig. 6E). The obtained values corresponded to the
daily CO2 enhancement not related to fluctuations in background values
and dispersion dynamics but more strictly governed by the strength of
local emitting sources, which are expected to directly influence the
peak-to-trough amplitude of the diurnal CO2 variations (Fig. 4C). As ev-
idenced in Fig. 6E, CO2 concentrations experienced a progressive de-
crease throughout LN phase, followed by a net increase at the
beginning of P2 phase with a shift of ca. 5 ppm from the beginning to
the half of May, when a stabilization in the difference between popula-
tions A and B was observed, resembling both the temporal pattern of
urban roadmobility (Fig. 2A) and the evolution of the isotopic signature
of non-background atmospheric CO2 (Fig. 3A), and hence representing
the contribution from the resumption of urban traffic.

4.5. Distributional analysis and structure of the system dynamics

The distributional analysis of the concentrations of CO2 (ppm)mea-
sured by the Picarro G2201-i cavity ring-down spectrometer (CRDS)
and the δ13C-CO2 are reported in Fig. 7A and B, respectively, following
the idea of Scheffer et al. (2012) to reverse the y-axis, thus considering
the probability density as a proxy of the effect of a potential related to
the action of the environmental drivers. Kernel Density Estimation
(KDE) was used as a non-parametric way to evaluate the shape of the
probability density function of the analyzed random variables (Ahmad
and Ran, 2004). The configuration allowed to identify the presence of
different basins of attraction for data and, consequently, the flickering
of the systems to different alternative states. The CO2 concentration
was exactly in the last situation, showing alternative states that can be
populated by the data depending on the effect of external drivers
(Fig. 7A); on the other hand, δ13C-CO2 presented a more stable configu-
ration (Fig. 7B). The statistical analysis of the time-behavior for CO2 con-
centrations measured during the whole monitoring period indicated
that the series was not stationary (KPSS test, p< 0.05, presence of a de-
creasing trend) and that the rankings of values were not random (runs
test, p < 0.05; Kwiatkowski et al., 1992; Alhakim and Hooper, 2008). A
similar result was obtained for the δ13C-CO2 values but related to an
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increasing trend. These evidences agreed with previous observations
based on an exploratory analysis of the dataset and highlighted the oc-
currence of a seasonal effect largely governing the overall temporal
trend of CO2 concentrations and isotopic composition. Consequently,
in both the situations autocorrelation in time was expected, but the
δ13C-CO2 values appeared to have a higher capacity of recovery under
perturbation with respect to the CO2 concentration, due to the absence
of different attraction basins able to generate flickering. This condition
also had an important effect on data variance in time. Thus, both the var-
iables showed a gradual change in time but more instability was ex-
pected for CO2 when compared to the δ13C-CO2 data with respect to
the variation in environmental drivers. Accordingly, the partitioning of
data into LH, LN and P2 phases did not produce a significant change in
the shape of δ13C-CO2 configuration, except for a shift towards higher
values as a consequence of the seasonal trend (Fig. 7B). Differently, in
the case of CO2 concentrations (Fig. 7A), the COVID-19 lockdown period
(LH and LN phases) did not result in a change of the overall data
distribution, but it produced an evident deepening of the first basin of
attraction, corresponding to low CO2 levels. Noteworthy, both CO2 and
δ13C-CO2 variables tended to follow a Gaussian distribution (or a
mixture between two Gaussian distributions) for which variability
around the mean emerges from the combined, additive influence of
innumerable weak, accidental and mutually independent factors.
Accordingly, while the confinement measures directly affected
atmospheric CO2 concentrations, in line with previous observations,
removing part of active CO2 sources, they did not change the overall
frequency distribution shape of data, which was largely governed by
natural environmental components. These results were in line with
findings by Gualtieri et al. (2021) who evidenced that emission reduc-
tion actions alone have limited effects on CO2 concentrations at local
urban scale due to the large influence played by meteorological condi-
tions. Nevertheless, the deepening of the first basin of attraction
(Fig. 7A) testified that the COVID-19 restrictionsmade low CO2 concen-
trations more resilient, that is more resistant to perturbations in time
until a new threshold is achieved. Consequently, it is reliable to affirm
that the changes of citizen habits during the pandemic produced a



Fig. 7.Probability density distribution (with reversed y-axis) of (A) CO2 concentrations (in ppm), (B) δ13C-CO2 and (C) CO2fluxes (in μmolm−2 s−1) are reported for thewhole observation
period and for PRE, LH, LN and P2 phases.
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tangible, though limited, effect on urban atmospheric CO2 levels with
high values becoming less frequent. In particular, the second basin of at-
traction, i.e. that corresponding to relatively high CO2 levels, appeared
to be highly unstable and largely depending on the strength of the emis-
sion sources. Accordingly, the consistency of the frequency distribution
shape for the δ13C-CO2 values during LH, LN and P2 phases confirmed
that, independently from the characteristics of the emission processes,
atmospheric CO2 dynamics at urban scale were strictly controlled by di-
lutive effects regulated by source strengths and turbulent atmospheric
diffusion and transport. The discrepancy of behavior between CO2 and
δ13C-CO2 has important implications in correlating (e.g. binary plots)
the two variables for interpret geochemical processes since for the
first one the variance could have an important role in masking pluri-
modality (alternative states) not corresponding in the second one.

The analysis of the frequency distribution shape for the CO2 fluxes
measured during the whole observation period (Fig. 7C) allows us to
visualize a further situation characterized by anasymmetrical frequency
distribution where high values are a rarer event. Thewhole distribution
could follow an exponential model (normal, log-normal and power law
models being more distant) as the expression of additive perturbations
in time supporting the hypothesis that component processes
themselves, instead of interactions among systems' components, domi-
nate the observed variability (van Rooij et al., 2013). The runs and KPSS
test indicate that also the CO2 flux time series is not stationary and
random so that autocorrelation is expected, in agreement with the
decreasing trend evidenced in Fig. 3B. The partitioning of data into
PRE, LH, LN and P2 phases highlighted a change in the frequency
distribution shape for the CO2 fluxes (Fig. 7C). While the PRE phase
displayed a flattened curve with a large fraction of high CO2 flux values,
the onset of the lockdown resulted in the occurrence of a basin of attrac-
tion at low CO2 flux values. While the LH phase preserved a significant
fraction of high CO2 flux values, as a consequence of domestic heating,
the LN phase displayed an abrupt deepening of the basin of attraction,
which was only partially recovered during P2 phase, and that
represented the amount of CO2 emissions related to urban basal
metabolism.

Summarizing, in all the analyzed cases the variables describe a
component-dominant dynamics. Interactions and feedback mecha-
nisms thus appear to be minimized. In the case of CO2 concentrations
and δ13C-CO2 values the dynamics appears to preserve information
only about themean and the variancewhile in the case of CO2 fluxmea-
surements, basically exponential (a continuous distribution that has
highest probability for zero or small values), only information about
the mean is preserved (Frank, 2009).

In this framework, the COVID-19 restrictions appear to have had a
peculiar impact on the CO2 concentration measures, thus enhancing
the presence of stable alternative states, even if in a restricted time in-
terval, permitting the flickering of the system.

5. Conclusions

The present study has demonstrated that the dramatic drop in
human activities produced appreciable reductions in CO2 fluxes and in
atmospheric CO2 concentrations (in terms of local CO2 enhancement)
and related carbon isotopic signaturemeasured at urban scale, evidenc-
ing the impact of COVID-related restrictions on the urban CO2 plume. In
particular, EC CO2 fluxes showed a rapid response to changes in the
strength of urban emitting sources, with fast and abrupt transitions be-
tween different steady-state conditions before the national lockdown
period, at the end of the heating season and during the progressive re-
sumption of normal urban functions and citizens' habits, with variations
in the magnitude of CO2 fluxes being related to the extent of CO2 emis-
sions from the main urban GHG sources, i.e. natural gas consumption
and vehicular traffic. Accordingly, the stop imposed to urban mobility
caused a ca. 62% reduction of urban CO2 fluxes, corresponding to a de-
crease of 23 μmol m−2 s−1, which approximates the contribution from
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local vehicular traffic. On the other hand, the end of the heating season
caused a drop up to 27 μmol m−2 s−1 during the morning peak of the
diurnal pattern of urban CO2 fluxes associated to the consumption of
natural gas for the warming up of the buildings.

Similarly, the temporal evolution in the isotopic signature of atmo-
spheric CO2 confirmed the direct impact of the changing GHGs sources
on the CO2 buildup in the urban air. Accordingly, although the daily-
averaged CO2 concentrations showed no remarkable variations clearly
attributable to COVID-related restrictions atfirst sight, an in-depth anal-
ysis on the diurnal cycle of CO2 concentrations allowed to recognize the
direct footprint of the easing in urban mobility restrictions on the diur-
nal CO2 enhancement.

Results on the shape of frequency distribution confirmed that
some essential features of the dynamics that govern stochastic envi-
ronmental systems can be understood without specific knowledge
about the components affecting the system itself (Holden et al.,
2009; Holden and Rajaraman, 2012). The obtained indications
could be instead used to formulate hypothesis to build-up basic gen-
erative models for further developments. In our case, it emerges the
role played by the variance that could be used in future as an early
warning signals to monitor changes in time. It is, indeed, a statistic
whose behavior is able to move data from one distribution to an-
other, governing the passage among different distributions (log-nor-
mal, power laws or exponential models), and contributing to the
presence of stable/instable alternative states (Mitzenmacher, 2004;
Scheffer et al., 2012; van Rooij et al., 2013).

Unveiling the relationships between human activities, CO2 emis-
sions and atmospheric CO2 concentrations at urban scale through ap-
propriate GHGs monitoring networks will be important to develop
adequate emission accounting and verification methodologies, helping
to build the sustainable cities of the next future, on the front line in
the fight against climate change, and guiding the local, national and su-
pranational political strategies.
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