

[image: image1]
Changes in Urban Gas-Phase Persistent Organic Pollutants During the COVID-19 Lockdown in Barcelona












	 
	ORIGINAL RESEARCH
published: 13 April 2021
doi: 10.3389/fenvs.2021.650539





[image: image]

Changes in Urban Gas-Phase Persistent Organic Pollutants During the COVID-19 Lockdown in Barcelona

Raimon M. Prats*, Barend L. van Drooge, Pilar Fernández, Esther Marco and Joan O. Grimalt

Institute of Environmental Assessment and Water Research (IDAEA-CSIC), Barcelona, Spain

Edited by:
Dimitris G. Kaskaoutis, National Observatory of Athens, Greece

Reviewed by:
Umesh Dumka, Aryabhatta Research Institute of Observational Sciences, India
Suvarna Sanjeev Fadnavis, Indian Institute of Tropical Meteorology, India

*Correspondence: Raimon M. Prats, raimon.martinez@idaea.csic.es

Specialty section: This article was submitted to Atmosphere and Climate, a section of the journal Frontiers in Environmental Science

Received: 07 January 2021
Accepted: 23 March 2021
Published: 13 April 2021

Citation: Prats RM, van Drooge BL, Fernández P, Marco E and Grimalt JO (2021) Changes in Urban Gas-Phase Persistent Organic Pollutants During the COVID-19 Lockdown in Barcelona. Front. Environ. Sci. 9:650539. doi: 10.3389/fenvs.2021.650539

The composition of polycyclic aromatic hydrocarbons (PAHs), polychlorobiphenyls (PCBs), hexachlorobenzene (HCB), pentachlorobenzene (PeCB), and organophosphate flame retardants (OPFRs) present in the gas-phase fraction of the atmosphere of Barcelona was analyzed during the SARS-CoV-2 coronavirus disease (COVID-19) lockdown and prior to this period. The changes in daily concentrations of CO, NO, NO2, O3 and particulate matter smaller than 10 μm (PM10) were considered for comparison. Bayesian analysis considering serial dependencies and seasonality showed statistically significant decreases of CO, NO, NO2, and PM10 (between −28 and −76%) and O3 increases (+45%) during lockdown. However, the lockdown concentration decreases of PeCB (−90.5%, from 8.5 to 0.8 pg m–3), HCB (−79%, 25.5–5.4 pg m–3) and some PAHs, such as benz[a]anthracene (−87%, 120–17 pg m–3) and pyrene (−81%, 3,500–680 pg m–3), were even stronger. The PAH depletion ranged between −68 and −87% that could be primarily associated with the strong reduction of traffic mobility during this period (−80%). Besides traffic reduction, the observed air quality improvements could be related to lower generation of solid urban residues (−25%) and the subsequent decrease of urban waste incineration (between −25 and −28%). Tributyl phosphate also showed a reduction in concentration during lockdown but the other OPFRs were seemingly not affected by this restriction, possibly as a result of the uniform release from the emission sources, e.g., construction material, industrial applications, and household products.
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INTRODUCTION

The outbreak of a novel respiratory disease in China, caused by the SARS-CoV-2 virus and named coronavirus disease (COVID-19) by the World Health Organization (WHO), was quickly extended to many other countries generating a global pandemic (Sohrabi et al., 2020). On March 14, a lockdown was set in all Spain which mandated individuals to remain home except for needs such as purchasing food and medicines. These measures also included the temporary closure of schools, universities, some businesses and shops.

In general, lockdown measures have led to unprecedented reductions of air pollutant concentrations in many regions of the world, including several of the most polluted areas (Berman and Ebisu, 2020; Cameletti, 2020; Le Quéré et al., 2020; Li et al., 2020; Venter et al., 2020; Zhang R. et al., 2020; Zhang Z. et al., 2020). Most reports in urban and industrial areas have only focused on air quality gas pollutants such as nitrogen oxides (NO and NO2), carbon monoxide (CO), and carbon dioxide (CO2), and particulate matter (PM10 and PM2.5). The same is the case for satellite imaging methods that can estimate the concentrations of these gases over large geographical areas (Kaufman et al., 1997; Krotkov et al., 2016). However, pollution assessment also requires the measurement of other contaminants that are deleterious for human health, such as organochlorine compounds (OCs) and polycyclic aromatic hydrocarbons (PAHs), among others.

Most OCs and PAHs are persistent organic pollutants (POPs), a group of compounds that are notorious for their resistance to degradation, potential for long-range atmospheric transport, and toxicity. They are recognized as a threat to human and wildlife health (De Voogt et al., 1990; Grimalt et al., 1994; Boström et al., 2002; Lauby-Secretan et al., 2013). PAHs are of great environmental concern, since several parent (non-methylated) compounds of these hydrocarbons are human carcinogens and priority pollutants (Baek et al., 1991; Armstrong et al., 2004). Hexachlorobenzene (HCB) has been related with obesity (Smink et al., 2008; Valvi et al., 2014), low fetal growth (Lopez-Espinosa et al., 2016), disruption of thyroid metabolism (Sala et al., 2001; Llop et al., 2017), and higher incidence of thyroid cancer (Grimalt et al., 1994). Polychlorobiphenyls (PCBs) have also been related with low fetal growth (Casas et al., 2015; Lopez-Espinosa et al., 2016), obesity (Valvi et al., 2012) or alterations of the thyroid function (Chevrier et al., 2008). In addition, they have been associated with metabolic disturbances of 25-hydroxy-vitamin D3 (Morales et al., 2013) and neurotoxicity (Grandjean and Landrigan, 2014). The production and use of these compounds have been restricted in many industrialized countries, resulting in significant endeavors to gradually reduce and prevent their release and diffusion in the environment. A culminating protocol for the elimination and monitoring of POPs was elaborated in 2001 during the Stockholm Convention1 and has since been amended to include more compounds.

In addition, organophosphate flame retardants (OPFRs) are emerging pollutants that are currently used and produced in increasing amounts to meet the demand for flame retardants and plasticizers in construction material, industrial applications, and household products, including electronic devices (Van der Veen and de Boer, 2012; Du et al., 2019). OPFRs are neurotoxic, may cause haemolysis, and some of them are carcinogenic (Dishaw et al., 2011; Van der Veen and de Boer, 2012). Compared to historical POPs, OPFRs tend to show relatively high concentrations in outdoor air from urban and industrial areas (Salamova et al., 2014; Liu et al., 2016; van Drooge et al., 2018b).

Barcelona is one of the most densely populated cities of Europe, 16,000 inhabitants/km2. Its metropolitan area lacks significant atmospheric emissions from industries and domestic heating is generally powered by natural gas. The high traffic intensity, 13,000–85,000 vehicles/day downtown in 2018, is the main pollution source (van Drooge and Grimalt, 2015; van Drooge et al., 2018a). Other reports (UNEP, 2010) also point at transport, housing, and related activities as important sources of emissions of pollutants and products of environmental concern in Spain (e.g., around 60% of CO2 and greenhouse gasses are emitted from transport and housing-related activities). Air pollution is therefore closely related to the activities of its inhabitants. Comparison of the air pollution levels during regular days and the lockdown period may provide guidelines for the ultimate achievable air quality standards, namely POPs, upon ideal management of urban pollution sources. Air samples were collected in the atmosphere of the city of Barcelona by means of passive air sampling (PAS) during regular conditions and lockdown. The results were used to determine possible changes in gas-phase POP concentrations during both periods. These pollutants were also analyzed in a remote continental background location in the Pyrenees for PAS calibration and comparison with the lockdown atmospheric conditions.



MATERIALS AND METHODS


Air Sampling

Two passive gas-phase air samplers for POP analysis were deployed during two periods: B1 (15 October 2019–9 January 2020, 86 days) and B2 (9 January 2020–15 July 2020, 188 days). B1 provided a reference time interval of typical air pollution conditions in the city. B2 was deployed during lockdown, although this period was larger than the specific lockdown time (March 15–June 22, 2020, 100 days). The samples were obtained using GAPS-style polyurethane foam passive air samplers (PUF-PASs) as employed in other studies (e.g., Pozo et al., 2009). The PUF disks (14 cm diameter, 1.35 cm thickness, 369.5 cm2 surface area, and 0.021 g cm–3 density) were previously cleaned with acetone, Soxhlet-extracted with hexane for 6 h, dried under vacuum, and stored in a sealed PET/LLDPE bag at −20°C. Upon deployment, they were spiked with a Performance Reference Compound (PRC) mixture of PCBs 3, 9, 15, 32 (all 13C-labeled), 107, and 198 (unlabeled) (Cambridge Isotope Laboratories, Tewksbury, United States). One field blank was performed for each sample. These blanks were also doped with the PRCs, sealed, and stored at −20°C for the entire duration of the sampling period. The PUFs were immediately extracted after retrieval at the end of the sampling period. The recovery of PRCs from each sample was used for the assessment of the specific sampling rates as explained in the “Theory and Calculations” section below.

Polyurethane foam passive air samplers were also deployed in duplicate, in four 4–10-month periods, at six remote locations in the Pyrenees (September 2017–September 2019). Because of the minimal local contaminant sources, these sites constitute continental background reference regions for air pollution levels. The results obtained with the PUF-PASs were evaluated by comparison with those from active air sampling (AAS) with a high-volume pump (MCV, Collbató; van Drooge et al., 2004) which was used in one of these Pyrenean sites between July and September 2017. The PUF-AAS plugs (6 cm diameter, 5 cm thickness, 0.028 g cm–3 density) used for this purpose were located behind glass fiber filters that collected the atmospheric particle phase. One field blank was performed for every two duplicate samplers, both for PAS and AAS. All PUFs were cleaned and stored until extraction as described above.

Meteorological and air quality data were obtained for the whole B1 and B2 periods, including the pre- and lockdown intervals within them. Data corresponding to analogous periods in the previous 2 years were also collected for reference and description of seasonal variations. Table 1 summarizes temperature, accumulated precipitation, and wind speed average values recorded on-site in all locations with Tinytag Plus 2 data loggers (Gemini Data Loggers, Chichester, United Kingdom) and from the automatic meteorological network (XEMA stations VS, Z2, X8, and X4) of the Catalan Meteorological Service. The concentrations of CO, NO, NO2, PM10, and O3 in Barcelona were obtained for the same periods from the stations of the Air Quality Network (XVPCA 08019043 and 08019057) of the Catalan Government.


TABLE 1. Sampling locations, periods of study, and average meteorological conditions (± standard deviation).
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Extraction and Clean-Up

Both the PUF-PAS disks and the PUF-AAS plugs were subjected to Soxhlet extraction with hexane (Merck, Darmstadt, Germany) for 6 h after being spiked with a mixture of recovery standards containing: tetrabromobenzene, PCB209, fluorene-d10, phenanthrene-d10, fluoranthene-d10, pyrene-d10, benz[a]anthracene-d12, and chrysene-d12 (Dr. Ehrenstorfer) as well as an alkyl/aryl phosphate mixture containing tributyl phosphate-d12, tris(2-chloroethyl) phosphate-d12, tris(1-chloro-2-propyl) phosphate-d18, tris(1,3-dichloro-2-propyl) phosphate-d15 and triphenyl phosphate-d15 (Cambridge Isotope Laboratories). The extracts were concentrated down to 2 mL with a rotary evaporator (Büchi, Flawil, Switzerland), quantitatively transferred into gas chromatography vials, and further evaporated to 0.5 mL under a gentle stream of nitrogen.

Fifty μL of each extract were cleaned-up and fractionated using an Agilent 1200 Series Gradient HPLC system (Agilent Technologies, Santa Clara, United States) equipped with a quaternary pump, a vacuum degasser, an autosampler, a thermostated column compartment (set at 30°C), and a preparative fraction collector. A Tracer Excel 120 SI HPLC silica column (25 cm × 3 μm × 0.46 cm i.d.; Teknokroma, Sant Cugat del Vallès) was used for the chromatographic separation. The elution program was as follows: 100% hexane at 0.5 mL min–1 flow rate for 8 min, then a linear gradient to 100% dichloromethane at 0.5 mL min–1 in 7 min, held until min 20. It was additionally changed to (80:20%) dichloromethane:methanol in order to elute more polar compounds remaining in the column before performing the next fractionation, with a linear flow rate increase from 0.5 to 1 mL min–1 in 10 min, and a final holding time of 15 min. The fractions containing the target compounds were collected between minutes 8–15 (PCBs and other OCs) and 15–20 (PAHs). These fractions were evaporated under a gentle nitrogen gas stream, transferred into gas chromatography vials, and further evaporated to 0.5 mL. The OPFRs were analyzed from another extract aliquot, not requiring HPLC fractionation, but dried by elution through 0.5 g of anhydrous sodium sulfate previously activated overnight at 450°C.



Instrumental Analysis

The OC and PAH HPLC fractions were run separately by gas chromatography coupled to mass spectrometry (GC-MS) with a Thermo Trace GC Ultra–DSQ II (Thermo Fisher Scientific, Waltham, United States) equipped with a 60 m × 0.25 mm i.d. × 25 μm film thickness HP-5MS fused capillary column (Agilent Technologies). The MS was operated in electron impact mode (70 eV). The injector, ion source, quadrupole, and transfer line temperatures were 280, 250, 150, and 270°C, respectively. The oven program started at 90°C with a hold time of 1 min, then heated to 150°C at 10°C min–1 and to 320°C at 6°C min–1, where it was held for 20 min. Helium was used as a carrier gas at 1 mL min–1. The targeted compounds were the following: polychlorobiphenyls (PCB28, PCB52, PCB101, PCB118, PCB138, PCB153, and PCB180), HCB, pentachlorobenzene (PeCB), α- and γ-hexachlorocyclohexanes (α- and γ-HCH), fluorene (fle), phenanthrene (phe), fluoranthene (flu), pyrene (pyr), benz[a]anthracene (b[a]ant), and chrysene+triphenylene (chr+triph). They were identified by their m/z values and retention times recorded in selected ion monitoring (SIM) mode (Supplementary Table 1).

The PUF extract aliquots were run for OPFR analysis by gas chromatography coupled to tandem mass spectrometry (GC-MS/MS) into an Agilent 7000 Series Triple Quad GC/MS (Agilent Technologies) equipped with a 30 m × 0.25 mm i.d. × 0.25 μm film thickness Zebron ZB-PAH capillary column (Phenomenex, Torrance, CA, United States). The MS/MS was operated in electron impact ionization mode. The injector, ion source, quadrupoles, and transfer line temperatures were 280, 230, 150, and 280°C, respectively. The oven temperature program started at 80°C with a hold time of 1.5 min, then heated to 220°C at 10°C min–1 and to 315°C at 15°C min–1, where it was held for 5 min. Helium was used as a carrier gas at 1.1 mL min–1. The targeted compounds were the following: tributylphosphate (TBP), tris(2-chloroethyl) phosphate (TCEP), tris(1-chloro-2-propyl) phosphate (TCPP), tris(1,3-dichloro-2-propyl) phosphate (TDCP) and triphenyl phosphate (TPhP). They were identified by their m/z transitions and retention times recorded in multiple reaction monitoring mode (Supplementary Table 2).

Quantification was performed with internal standard calibration curves, accounting for extraction and analysis recoveries. The field blank values were subtracted. LOQ values ranged between 0.5 and 2.5 pg in column, or 125–625 pg/sampler for PAHs, OCs, and PCBs, and 250–1,250 pg/sampler for OPFRs. For average effective sampled air volumes, these correspond to 0.3–1.6 pg m–3 of air for PAHs, 0.4–2.1 pg m–3 for OCs, 0.2–1.2 pg m–3 for PCBs, and 0.5–2.4 pg m–3 for OPFRs.



Theory and Calculations

As shown in Equation 1 (Harner et al., 2013), the calculation of gas-phase concentrations (CA, pg m–3) from the pollutant amounts obtained with PAS (NA) requires the determination of effective sampled volumes (VA, m3) that are compound- and location-specific for each sampling period:

[image: image]

where NA is the amount of compound accumulated in the PUF disk during the sampling time (pg sampler–1), VPUF is the volume of the PUF disk (0.00021 m3), K′PUF–A is the dimensionless PUF density-corrected PUF-Air partition coefficient KPUF–A (KPUF–A multiplied by the PUF density, δPUF = 21,000 g m–3), kA is the air-side mass transfer coefficient (m d–1), t is the sampling time (d), and Dfilm is the PUF’s effective film thickness (0.00567 m).

The sample-specific kA values needed for VA estimation can be derived from the PRC calibration of sampling rates (RS, m3 d–1):
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where APUF is the PUF’s surface area (0.0365 m2) and C/C0 is the PCR ratio of amounts (g sampler–1) between exposed and non-exposed (field blanks) PUFs.

Compound-specific KPUF–A values for this type of PUFs are correlated to octanol-air partition coefficients (KOA) through the following relationship (Shoeib and Harner, 2002):

[image: image]

The logKOA values were corrected for the average temperature of each sampling site over the sampling period using temperature-dependent relationships reported elsewhere (Odabasi et al., 2006; Chen et al., 2016; Harner, 2016; Wang et al., 2017).



RESULTS AND DISCUSSION


Passive Gas-Phase Air Sampling for POP Analysis

The performance of the PUF-PAS samplers and reliability of the pollutant concentrations obtained with this system were assessed by comparison of the results from simultaneous deployment of these PAS and AAS between September 2017 and September 2019 in Aigüestortes, a continental background location in remote high mountains. The quantitative results obtained with both methods were in good agreement (Table 2). Thus, the AAS/PAS ratio differences were 0.7–2.1 for PCBs, 1.1 for HCB, 0.3–0.8 for PAHs and 0.3–1.5 for OPFRs. These ratios have to be compared considering that AAS involves much more variability than PAS, as the former is only collected over a few hours and the latter represents average values of several months of deployment. Therefore, variations in day-to-day meteorological and atmospheric conditions greatly affect the resulting AAS levels, especially for compounds like PAHs that could be influenced by local sources from nearby rural areas that are much more season dependent. Thus, the differences between sampling methods were deemed to be within acceptable ranges, especially at the low observed concentrations, for all compounds < 50 pg m–3 except for Fle and Phe. These results concur with other studies that established a strong agreement or no statistical difference between AAS- and PAS-obtained concentrations, even in urban sites with generally higher POP concentrations (He and Balasubramanian, 2012; Kalina et al., 2019). Furthermore, PAS duplicates showed low average relative standard deviations (RSD), between 9.4 and 23.3% for most compounds, with values above 30% only observed for the less volatile compounds such as PCB180, TCPP, TCEP, and TDCP, 34.2, 30.8, 36.3, and 60.1%, respectively (Supplementary Table 3).


TABLE 2. Average compound concentrations in air (gas phase, pg m–3 ± standard deviation) in the mountain background (Aigüestortes) and in the urban (Barcelona) locations, obtained using passive air sampling (PAS), and active air sampling (AAS) methods.
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Urban Concentrations of Organochlorine Compounds, PAHs, and Organophosphate Flame Retardants

The concentrations of HCB found in the B1 and B2 periods in Barcelona, 25.5 and 5.4 pg m–3, respectively (Table 2), were generally lower than those found in other urban areas from India: average values of 120–260 pg m–3 (Chakraborty et al., 2010), Bangladesh: 70–685 pg m–3 (Nost et al., 2015), Bosnia Herzegovina: 34 pg m–3 (Lammel et al., 2011), Nepal: 6.3–1,500 pg m–3 (Pokhrel et al., 2018), or China: 261 pg m–3 (Zhang et al., 2010). The concentrations of PeCB, 8.5 and 0.8 pg m–3 in B1 and B2, respectively, were similar to those described in Bosnia Herzegovina, 9.9 pg m–3 (Lammel et al., 2011). The respective α- and γ-HCH concentrations, 3.5 and 12.9 pg m–3 during B1 and 0.5 and 3.9 pg m–3 during B2, were lower than those reported in other urban areas of Spain: 37 pg m–3 for their sum (de la Torre et al., 2016).

The concentrations of total PCBs in B1 and B2, 58 and 23 pg m−3, respectively (sum of congeners reported in Table 2), were again generally lower than those found in other urban areas from Italy: 117 pg m–3 (Estellano et al., 2012), Spain: 122 pg m–3 (Pozo et al., 2009), France: 3,100 pg m–3 (Pozo et al., 2009), Turkey: 153–376 pg m–3 (Kuzu, 2016), Argentina: 146–200 pg m–3 (Tombesi et al., 2014; Astoviza et al., 2016), Chile: 160 pg m–3 (Pozo et al., 2012), Canada: 481 pg m–3 (Motelay-Massei et al., 2005), Pakistan: 37–293 pg m–3 (Nasir et al., 2014), India: 278 pg m–3 (Pozo et al., 2011), China: 600–7,600 pg m–3 (Cui et al., 2017), and Bangladesh: 7–1,800 pg m–3 (Nost et al., 2015). They were similar to those reported in Nepal: 1.2–47 pg m–3 (Pokhrel et al., 2018).

Total PAHs in B1 and B2, approximately 36,000 and 10,000 pg m–3, respectively (sum of the compounds reported in Table 2), were found in lower concentrations than those found in Strasbourg: 51,000 pg m–3 (Morville et al., 2011) and Istanbul, 21,000–290,000 pg m–3 (Kuzu, 2016) and higher than those found in the United States: 4,100–12,000 pg m–3 (Pratt et al., 2018).

The concentrations of TBP in B1 and B2, 260 and 94 pg m–3, were lower than those found in urban areas of Germany, 1,550 pg m–3 (Zhou et al., 2017) and those of TCPP, 4,800 and 4,700 pg m–3, respectively, were higher than those found in these urban areas, 2,700 pg m–3 (Zhou et al., 2017). The concentrations of TDCP, 129 pg m–3 in B1 and 187 pg m–3 in B2, and of TPhP, 284 pg m–3 in B1 and 268 pg m–3 in B2, were higher than those reported in urban air in Sweden, 7.6 and 47 pg m–3, respectively (Wong et al., 2018).

The concentrations of PCBs in Barcelona in the B1 period, 58 pg m–3, were about four times higher than in the continental background station 14.6 pg m–3 (Table 2), whereas those of PAHs, 36,000 pg m–3, were about 60 times higher than in Aigüestortes, 613 pg m–3, and those of the OPFRs were between 38 and 340 times higher (Table 2). The concentrations of HCHs were two to twelve times higher in Barcelona during the B1 period compared to the background location (Table 2). In contrast, HCB and PeCB in the continental background station were nearly two and three times higher than in the B1 period in Barcelona. The differences in PCB, HCB and PeCB air concentrations between urban and remote sites compared to PAHs and OPFRs could be explained by fundamental differences in emission sources. The production and use of PCBs and most OCs have been restricted for several decades, but they are present in urban waste at low amounts (Wegiel et al., 2011; Neuwahl et al., 2019) which constitute a potential source in cities such as Barcelona. However, these legacy POPs may still be released to the atmosphere from diffusive secondary sources, including other environmental compartments (Grimalt et al., 2009), especially so in cold and remote areas that now might act as repositories for persistent contaminants such as HCB (Meijer et al., 2003). Contrarily, PAHs are still emitted from many primary combustion sources, such as traffic and domestic emissions in urban areas, while OPFRs are widely applied as flame retardants in construction material, household products and electronic equipment.



Assessment of the Lockdown Changes on Airborne POPs and OPFRs

One of the main features of Table 2 is the strong decrease of HCB and PeCB between B1 and B2 periods, −79 and −90.5%, respectively (Table 2). At present, the occurrence of these compounds in the atmosphere of urban areas without industrial activity is mainly related to waste treatment, including incineration (EPA, 1986; Martens et al., 1998; Bailey, 2001; Wegiel et al., 2011). The lockdown period in Barcelona involved a −24.6% reduction of urban waste generation (a reduction of almost 20,000 tons of solid waste) which, in turn, represented incineration decreases between −25 and −28% when quantified as CO2 emission (Montlleo et al., 2020; State of the City, 2020). These reductions may have contributed to the decrease in the concentrations of these compounds. Other processes, e.g., less transport of materials, may also have been relevant for the observed decrease.

Polycyclic aromatic hydrocarbons also showed high reduction of atmospheric concentrations, between −68 and −87% (Table 2). Atmospheric PAHs in urban areas are primarily generated as by-products of motorized transport. Therefore, the observed differences are in agreement with the strong reduction of traffic in Barcelona, −80%, during the lockdown period (Montlleo et al., 2020; State of the City, 2020).

The atmospheric concentrations of PCBs and other OCs like the HCHs were also strongly depleted, between −34 and −69.5%, and between −70 and −86%, respectively. These decreases were probably related with the −24.6% reduction in waste generation during lockdown (Montlleo et al., 2020; State of the City, 2020) as incineration of urban waste is one main PCB source in the air of urban areas (Neuwahl et al., 2019; Arp et al., 2020) due to the presence of such compounds in urban waste and their high resistance to combustion (Neuwahl et al., 2019).

The OPFRs showed different trends (Table 2). TBP was the only compound following the concentration differences of OCs and PAHs, which were reflected in a large reduction in concentration, −64%, between the B1 and B2 periods. In contrast, the other OPFRs showed small decreases or even increases in atmospheric concentrations. This is probably related with the fundamentally different sources of OPFRs, e.g., being related with construction material, household products and electronic equipment over time, thus being less susceptible to variations in urban and industrial activities.



Changes in Atmospheric Gases and Particles

The average concentrations of CO, PM10, NO, and NO2 in Barcelona in the B2 period of 2020 show lower values than those of the 2018–2019 average, whereas these differences are not observed for B1 (Supplementary Figure 1). Similarly, the concentrations of these gases and PM10 in the lockdown period of 2020 are much lower than those in the equivalent time interval of the 2018–2019 average. This difference is the opposite in the case of O3, which is consistent with the lack of NO during lockdown and higher insolation during spring months. An initial study encompassing the first lockdown weeks (March 14–March 30) showed consistent changes (Tobias et al., 2020). In the present study, comparison of the data encompassing the whole lockdown period using a Bayesian structured time-series model (CausalImpact 1.2.4 R package, Brodersen et al., 2015) also allowed to account for the influence of seasonal effects on the concentration changes. Accordingly, the pollutant concentrations of 2020 were used as the response series and the average pollutant data of 2018–2019 as the control series, which was assumed not affected by the lockdown measures, consistently with the absence of restrictions in 2018–2019. The applicability of this model to these data was supported by comparison of the time series and dummy causal impact analyses performed with imaginary intervention periods which provided reasonable predictions and low causality probabilities.

The Bayesian analysis of the whole lockdown period showed noticeable concentration reductions of CO, NO, and NO2 coinciding with the lockdown measures of March 2020, which picked up slightly after lockdown easing at the end of May 2020 and finally returned to ordinary levels at the end of lockdown (Figure 1). The same representations showing the predictions calculated for the B1/B2 sampling periods can be found in Supplementary Figure 2. The causal impact analysis of CO, NO, and NO2 concentrations for the pre-lockdown/lockdown periods yielded statistically significant average variations of −28, −76, and −52%, respectively (p = 0.0011; Table 3). Despite the B2 sampling period included some weeks before and after lockdown, similar (−32% CO) or slightly lower (−41% NO, −38% NO2) but still significant reductions were observed for the same compounds, p = 0.0011, 0.0033, and 0.0012, respectively (Table 3). These differences indicated a direct influence of lockdown restrictions as consequence of the steep decline in motor vehicle traffic, the main contributing source of CO and NO through direct emissions (EEA, 2019) as well as NO2 formation by reaction of NO with atmospheric O3.


[image: image]

FIGURE 1. Representation of the concentrations of atmospheric pollutants in Barcelona during the lockdown of 2020 and the corresponding Bayesian model predictions. The pre-lockdown/lockdown and the PAS-sampled B1/B2 periods are delimited by dashed, vertical, red and green lines, respectively. For each compound, the top graphs show daily average concentrations recorded in 2020 (black continuous line) against a counterfactual prediction based on 2018–2019 average values (blue dashed line). The bottom graphs show the difference between the observed data and the counterfactual predictions if lockdown had not occurred. From data of the air monitoring stations of the Catalan Government.



TABLE 3. Results of the Bayesian model for the air pollutant concentrations in the pre-lockdown/lockdown and B1/B2 periods.

[image: Table 3]The decrease between the usual polluting conditions and the lockdown period is more intense in areas with a lot of traffic such as downtown Barcelona, although it is also noticeable in the north and west forested areas, as shown in Figure 2 where the atmospheric NO2 concentrations are displayed for the B1, B2, and specific lockdown periods. Comparison of the average NO2 concentrations in the B2 and specific lockdown periods from this figure shows very similar distributions which support the representativeness of the sampled B2 interval concerning lockdown conditions.
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FIGURE 2. Spatial distributions of airborne NO2 (A–C) and O3 (D–F) Barcelona, averaging in the B1 [15 October 2019–9 January 2020; (A,D)], B2 [9 January 2020–15 July 2020; (B,E)] and specific lockdown [15 March 2020–22 June 2020; (C,F)] periods. The plotted values (μg m– 3) are the averages of the daily measurements between 7 and 20 h. Note that the north and west zones are forested. From data of the air monitoring stations of the Catalan Government.


Reductions in NO concentrations usually lead to increasing O3 concentrations (Leighton, 1961), which are also observed in Figure 1. However, O3 levels usually increase in the months leading up to the summer (with higher temperatures and increased solar radiation), which can lead to misidentification of an effect of lockdown on O3 concentrations. The Bayesian time-series prediction model used here corrects for seasonal effects by taking into account data from the previous 2 years and shows a statistically significant increase of O3 concentrations in the lockdown period (+45%; p = 0.001) which overcomes these effects. The increases in O3 during the B2 and lockdown periods are also documented in Figure 2. In this case, the increases in O3 are greater in the forested areas because downtown the NO from traffic still decreases the concentrations of this oxidant. Again, the differences between the B2 and lockdown periods are small.

Concerning PM10, the concentration decrease was noticed both for the lockdown (−37%; p = 0.0011) and the B2 periods (−20%; p = 0.001). This change is small in comparison with those observed for the gases except in the case of CO, which suggest that besides traffic other sources contributed to the atmospheric concentrations of PM10 in the city.

These results are in the range of those reported in other studies from several European and Mediterranean urban areas that also experienced lockdown conditions during the first half of 2020. Other studies in the city of Barcelona reported NO2 reductions in concentration of −50% (Baldasano, 2020), −47 to −61% (Petetin et al., 2020), and −51% (Tobias et al., 2020). These values are similar to those reported in Madrid, −39 to −59% (Petetin et al., 2020), −62% (Baldasano, 2020), and −35 to −50% (Shi et al., 2021), and also to the average meteorology-normalized Spanish average of −50% (Petetin et al., 2020). Other European cities also presented comparable NO2 reductions like −61% in Milan (Collivignarelli et al., 2020), −39% in Lucca and −39% in Florence (Donzelli et al., 2020), −32% in Athens (Grivas et al., 2020), and somewhat larger than −16, −27, −8, −26, and −11% in Milan, Rome, London, Paris, and Berlin, respectively (Shi et al., 2021). Our results for other pollutants are also similar to those reported for PM10: −31% in Barcelona (Tobias et al., 2020), −48% in Milan (Collivignarelli et al., 2020), and −31% in Florence (Donzelli et al., 2020); for CO: −58% in Milan (Collivignarelli et al., 2020) and −35% in Athens (Grivas et al., 2020); and for NO: −42% in Pisa (Donzelli et al., 2020). Finally, compared to our results, other reports show similar O3 variations in Barcelona: +33% increase during the first lockdown weeks (Tobias et al., 2020); slightly lower variations of −2% to +30% in several European cities (Shi et al., 2021); and much higher variations of +252% in Milan (Collivignarelli et al., 2020).

Moreover, air pollutant concentration reductions over the first weeks of lockdown have also been reported in a broader scale through satellite imaging techniques. The European Space Agency reported central and southern European reductions of NO2 concentrations in Madrid (−48%), Rome (−49%), Milan (−47%), and Paris (−54%) (ESA,2020a,b). These values are well in agreement with the values summarized in the paragraph above, as well as in the range of those reported here for the city of Barcelona (Table 3).

Finally, daily precipitation episodes are also represented in Figure 1. Comparison with the daily concentrations of all gases (i.e., CO, NO, NO2, and O3) and PM10 evidences that rain events generally do not coincide with noticeable drops in their atmospheric concentrations. This is consistent with results presented by other studies assessing changes in air pollution during lockdown in several cities in Spain, which found no correlation between precipitation values and air pollutant concentrations (Briz-Redón et al., 2021). Contrarily, the overall trend in concentration differences was consistent with the lockdown period, leaving wet precipitation as a minor driving factor in reducing air pollutant concentrations. This observation can be extrapolated to the atmospheric POP distributions. Rainfall rates averaged by sampled time can be derived from Table 1 and are sufficiently similar for both PAS-sampled periods (2.6 and 2.7 mm day–1 for B1 and B2, respectively) as to not expect considerable differences in washout, leaving the lockdown as the main cause for pollutant reductions.



CONCLUSION

All examined airborne pollutants showed lower concentrations during lockdown than in the regular period. PeCB was the compound displaying the highest lockdown decrease, −90.5%, followed by HCB and some PAHs such as b[a]ant and pyr, −79, −87, and −81%, respectively. In general, PAHs were the pollutants with higher reduction, −68 to −87%. Other compounds such as PCBs decreased by −37 to −69.5%.

The drops in atmospheric PAH concentrations can be associated with the strong traffic decrease during lockdown, −80% on average, and the significant reduction of harbor activities in this time interval, in the order of −65%. The present results regarding atmospheric PAHs indicate that the observed improvement of urban atmospheric quality related with lockdown restrictions was even better than recorded in the changes of nitrogen oxides and CO, providing a more holistic approach.

The study of other pollutants such as HCB, PeCB, and PCBs also evidences other atmospheric improvements related with the lockdown period such as the beneficial effects of reduction in the generation of solid residues and the subsequent reduction of urban waste incineration. The concentrations of PCBs during the B2 period in Barcelona were very close to those of remote sites such as the Pyrenees, with HCB and PeCB showing lower levels than those in these remote areas even during the pre-lockdown period.

Concerning the OPFRs, TBP also showed a decrease during lockdown but the other compounds of this group were seemingly not affected by the restrictions, possibly as a result of distinct and uniform release from their emission sources, e.g., construction material, industrial applications, household products, and others.

All in all, a significant decrease on the gas phase concentrations of atmospheric pollutants with current sources linked with anthropogenic urban activity was observed as consequence of the lockdown restrictions. O3 is an exception related to processes other than traffic. The present work evidences the effectiveness of reducing overall anthropogenic emissions on a relatively short time span, not only in air quality indicator pollutants but also in many POPs. This highlights the potential of much needed policies that tackle air quality in a more stringent and broader way, which should stem from reports like the one we present. A sustained improvement on air quality, especially in densely populated areas, would contribute to reduce the over four million deaths attributed every year to ambient air pollution (WHO, 2018), as well as improve the health of many more.
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Compounds

Aigliestortes (background)

Barcelona PAS (urban)

PAS (n = 20) AAS (n =3) B1 B2 Variation %
PCBs PCB28 2.9 +1.0 2.4 +1.5 6.8 2.8 —59
PCB52 21 +0.7 1.4 +0.3 11 3.4 —68
PCB101 2.7 +1.0 5.7 +1.9 15 6.1 —59
PCB118 25 +0.3 4.8 +1.6 13 3.9 —69.5
PCB138 1.6 +0.7 3.0 +0.9 6.7 4.4 —-34
PCB153 23 +0.2 3.2 +0.9 5.8 2.6 —56
PCB180 0.5 +0.2 0.5 +0.1 b.d.2 b.d.l
2PCBs 14.6 21.0 58.3 23.2 —60
OCs HCB 45 +8.4 49 +4.9 255 5.4 -79
PeCB 25 +3.2 b.d.l. 8.5 0.8 —90.5
a-HCH 1.6 +0.3 b.d.l. 3.5 0.5 —86
y-HCH 1.0 +0.4 b.d.l. 12.9 3.9 —70
20Cs 72.6 49.0 50.4 10.6 —79
PAHs Fle 250 +38 72 +3.6 10,000 2,600 —75
Phe 300 +88 230 +170 18,000 5,800 —68
Flu 39 +16 28 +14 4,000 1,000 —75
Pyr 18 +7.6 15 +6.7 3,500 680 —81
Blajant 0.7 +0.5 0.3 +0.1 120 17 —87
Chr+TriPh 5.3 +2.8 1.4 +0.1 240 63.5 —74
TPAHs 613 347 35,860 10,160 —72
OPFRs TBP 1.5 +0.3 0.8 +0.4 260 94 —64
TCEP 6.1 +1.9 2.1 +1.4 230 270 19
TCPP 14 +16 20.5 +15 4,800 4,700 -3.3
TDCP 1.5 +0.5 b.d.l. 129 187 45
TPhP 12 +35 b.d.l. 284 268 —5.6
TOPFRs 302 23.4 5,703 5,519 -3.2

2h.d.I. Below detection limit.
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Compound Period Average concentration Effect of lockdown Causality
Measured Predicted + SD 95% CI Effect + SD 95% CI p-value Probability (%)
CO (mg m~9) Pre/lock 0.22 0.30 £0.02 [0.26, 0.34] —28% =+ 6.4% [—40%, —16%] 0.0011 99.89
B1/B2 0.25 0.37 £0.02 [0.33, 0.41] —32% + 5.4% [—43%, —22%] 0.0011 99.89
PMig (ug m—3) Pre/lock 19 31422 [26, 35] —37% £ 7% [—50%, —23%] 0.0011 99.89
B1/B2 24 30+1.8 [27, 34] —20% =+ 5.9% [-32%, —8.8%)] 0.0010 99.90
NO (g m=3) Pre/lock 7.4 314+43 [23, 40] —76% + 14% [-103%, —51%] 0.0011 99.89
B1/B2 18 31 +4.1 [23, 39] —41% £+ 13% [—66%, —14%] 0.0033 99.67
NO» (ug m~3) Pre/lock 22 47 + 2.0 [43, 51] —52% + 4.2% [—61%, —44%] 0.0011 99.89
B1/B2 83 5241.8 [49, 56] —38% =+ 3.4% [—44%, —31%] 0.0012 99.88
Oz (g Mm~3) Pre/lock 56 38+29 [33, 44] 45% +7.4% [31%, 59%)] 0.0010 99.90
B1/B2 45 454+ 3.0 [39, 51] —0.12% +6.7% [—13%, 12%] 0.4985 50.00

The average concentrations measured during the periods after lockdown restrictions (i.e., lockdown and B2) are compared to the concentrations (+ standard deviation,
SD) predicted by the model from data including the two previous years. Confidence intervals (95%), p-values, and probability of the observed concentration changes

caused by lockdown measures are provided.
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Location Altitude (m.a.s.l.) Period Temperature Precipitation Wind speed (m

°C) (mm) s7)
Barcelona (urban site) 41.388° N, 2.115° E 108 Mean 2018-2019 B1 14.3:+0.2 197 £114 1.21 £0.21
B2 16.5 £ 0.1 257 + 155 1.23 £ 0.02
Pre-lockdown 11.8+0.2 90 + 91 1.30+£0.19
Lockdown 17.4 £ 0.6 166 £ 73 1.25 £ 0.03
2020 B1 14.7 £ 3.6 225 1.99 +1.46
B2 17.3+5.0 513 2154 1.39
Pre-lockdown 13.1+£26 124 212 +1.62
Lockdown 18.0+£ 4.0 373 2.156+1.26
AiglUestortes (continental 42.572° N, 0.932° E 1,619-2,453 2017-2019 Range of averages® 4.7 +£0.2-8.3 484 4+ 330-1,832 3.70 £+ 1.00-4.27
background) +0.7 + 389 + 0.05

aValues for temperature, accumulated precipitation, and wind speed for the sampling site of Aigliestortes are shown as a range spanning the lowest and highest average
values (+ standard deviation) registered over four consecutive 4-10-month sampling periods from six studied mountain locations.
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