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Abstract: Formaldehyde (HCHO) is harmful to human health and an adequate assessment of its
concentrations, both in outdoor and indoor environments, is necessary in the effort of risk
mitigation. In this research, ground indoor and outdoor HCHO measurements have been integrated
with the analysis of tropospheric total columns obtained by satellite surveys to assess the
concentrations of HCHO in a number of environments, exploiting the proximity of a World
Meteorological Organization — Global Atmosphere Watch (WMO/GAW) observation site in
Calabria, Southern Italy to a National Institute for Insurance against Accidents at Work (INAIL)
department in the municipality of Lamezia Terme. Meteorological parameters gathered at the WMO
station have also been used to provide additional data and test new correlations. Using statistical
significance tests, the study demonstrates the presence of a correlation between indoor and outdoor
HCHO concentrations, thus showing that an exchange between indoor and outdoor formaldehyde
does occur. Rooms located in the building where indoor measurements took place have also
demonstrated degrees of susceptibility to HCHO exposure which are correlated with the orientation
of prevailing wind corridors in the area. The new findings constitute an unprecedented
characterization of HCHO hazards in Calabria and provide regulators with new tools on how to
mitigate formaldehyde-related risks.

Keywords: Lamezia Terme; formaldehyde; SP5; indoor air quality; outdoor air quality

1. Introduction

Formaldehyde (HCHO or CH:20) (FA), one of the most common volatile organic compounds
(VOQ), is a colorless, irritating and extremely volatile gas [1]. It has been known for decades to be a
major pollutant in the context of indoor air quality [2-12]. In 2004, formaldehyde was included in
Group 1 by the International Agency for Research on Cancer (IARC) [13] defining it based on
scientific evidence, as a certain carcinogen for humans. Subsequent investigations (monograph 100F
of 2012) confirm this classification based on epidemiological evidence sufficient to determine that FA
causes leukemia and death of the nasopharynx [14,15]. The European Commission classified
formaldehyde as carcinogen (Category 1B), mutagen (Category 2), and toxic for the acute toxicity
category 3 in June 2014 [16].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Over the years, exposure to this molecule has been linked to indoor air pollution, with the WHO
raising concerns about its negative health effects [17]. Millions of people in modern society spend
about 90% of their time indoors [18-20]. In Italy, research has also focused on monitoring indoor air
quality especially in buildings of critical importance, such as hospitals and schools [21].

Many health hazards are linked to poor indoor air quality (IAQ), a parameter that can be affected
by various factors such as wood-based building materials, paper products, personal care products,
tobacco smoke, and inadequate HVAC (heating, ventilation, and air conditioning) systems [22-30].

There are also several outdoor sources of FA. Among anthropogenic sources are vehicle
emissions, biofuel and coal combustion, industrial processing, and wood product building materials;
this compound is also released due to secondary formation from other reactive volatile organic
compounds [31-36]. Wildfires also contribute to significant FA emissions in the atmosphere, and the
consequent diffusion of air masses and plumes can significantly expand the areas affected by direct
FA exposure [37-45]. In addition to anthropogenic pollution, the location (e.g., whether an area is
rural or urban), temperature, relative humidity, wind regime, cloud cover, season, and time of day
can all influence the concentration of formaldehyde in ambient air [46-51]. FA has also been
confirmed to be present in outer space, ranging from interplanetary to interstellar environments [52—
55].

With respect to absolute concentrations, those of indoor FA are higher than their outdoor
counterparts [56-66]: in the conventional indoor environment average concentrations are typically
about 2040 pg/m?, while outdoor concentrations hover around 1-4 pg/m?; lower concentrations are
reported in rural areas, while higher levels are observed in polluted cities [67].

The WHO [68] have established an indoor air quality guideline for formaldehyde, but there is
no similar guideline for outdoor air, even though it is considered a toxic air contaminant. This lack
of an outdoor guideline makes it difficult to assess the potential indoor contributions from outdoor
formaldehyde. Recent studies have examined the relationship between indoor and outdoor air to
investigate how outdoor formaldehyde affects indoor concentrations; results from leading literature
show that outdoor formaldehyde can make a significant contribution to indoor levels [69].

Due to the limited availability and spatial variability of ground-based measurements, some
studies have used satellite data to map outdoor surface formaldehyde concentrations [69-71].

This research study aims to investigate the long-term outdoor contribution of formaldehyde to
indoor concentrations by correlating satellite data with outdoor and indoor measurements. Total
column data are frequently used in research to gather data that would not otherwise be obtainable
by surface measurements alone [72]. In this research, HCHO column data from Sentinel-5P VCD have
been used to map surface air HCHO concentrations and connect them to ground data in the
Mediterranean region, where this field of research is new. Because the formaldehyde concentration
in indoor air is usually inversely correlated with the air exchange rate, measurements of
microclimatic parameters and air exchange were carried out.

This study, based on a 2021 measurement campaign performed in Lamezia Terme (Calabria,
Southern Italy), is divides as follows: Section 2 describes the sites where the campaign took place,
their peculiarities, and the instruments used for measurement; Section 3 describes the materials and
methods used for this assessment; Section 4 and 5 show the result of the evaluation and their
discussion, respectively; Section 6 concludes the paper.

2. Experimental Campaign Sites, Instruments, and Sampling Times
2.1. Experimental Campaign Sites

An experimental campaign was performed in 2021 at the coastal infrastructure of INAIL
(National Institute for Insurance against Accidents at Work) and the WMO/GAW (World
Meteorological Organization — Global Atmosphere Watch) regional station of Lamezia Terme (code:
LMT), operated by the National Research Council of Italy — Institute of Atmospheric Sciences and
Climate (CNR-ISAC), located nearby. The GAW experimental site (Lat: 38.88 N; Lon: 16.24 E) is
located 600 meters from the Tyrrhenian coastline of Calabria, at an elevation of 6 meters above sea
level. The Catanzaro isthmus between the Tyrrhenian and Ionian seas is the narrowest point in the
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entire Italian peninsula, with a distance of approximately 31 kilometers between the two coastlines
(Figure 1); the isthmus separates the Serre Massif, located in the South, from the coastal chain (Catena
Costiera) in the northwest and the Sila Massif in the North. The particular orographic configuration
of the isthmus results in a well-defined W/NE wind circulation, which is characterized moderate
wind breezes from the sea (NW-SW), mainly developed during daytime, while northeastern gentle
wind breezes from land mainly affect the night-time period [73,74]. Over the course of LMT’s
observation history, local wind circulation was further characterized using LiDAR and other
techniques [75-77]. The 10/28 (100/280 °N) runway orientation of the Lamezia Terme International
Airport (IATA: SUF; ICAO: LICA) located 3 kilometers north from the INAIL and ISAC research
centers also shows that local air traffic is subject to the same wind regimes affecting atmospheric
measurements at the GAW site.

The LMT station, located within Lamezia Terme’s industrial area, is influenced by various
sources of anthropogenic emissions: early research on greenhouse and reactive gases observed at
ISAC ever since 2015 indicated the airport, the A2 highway, livestock farming and agriculture as
emission sources in the area [78]. Research on case studies also showed relevant inputs from Saharan
dust events [79] and summer open fire emissions [80]. A study on seven years of methane data
showed that northeastern-continental winds were enriched in CHs, while western-seaside winds
yielded lower values; in addition to that, low speed winds from the northeast were linked to the
highest observed mole fractions, and vice versa, high speed winds from the same air corridor were
linked to low concentrations [81]. A consequent study on surface ozone (Os) however showed a
reversed pattern, thus demonstrating that each atmospheric compound can have peculiar impacts on
local observations [82].
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Figure 1. A: Details on the location of both research centers in the industrial area of Lamezia Terme.
B: Location of the two research centers in southern Italy.

Research on LMT data also relied on new methods to differentiate between natural and
anthropogenic emissions by highlighting weekly cycles. In fact, while natural emissions are affected
by daily to yearly cycles, anthropogenic emissions show weekly variations attributable to different
anthropic activities throughout the week. Following cross-station studies on aerosols and their
anthropogenic emission sources [83,84], another study evaluated with unprecedented detail weekly
patterns at LMT and also proposed a new methodology for similar assessments on a global scale [85].
Additional and new insights on local emission sources were possible thanks to an environmental
evaluation of the first 2020 COVID-19 lockdown period in Italy: with anthropic activities reduced to
a minimum under those exceptional circumstances, several emission sources in the area could be
pinpointed [86]. New research has focused on peplospheric or PBL (Planetary Boundary Layer)
influence on the surface concentrations of key pollutants under different wind regimes [87].

2.2. Total tropospheric Vertical Column (TVC) of HCHO by Satellite

Satellite outdoor measurements of the total vertical column (TVC) of formaldehyde (HCHO) in
the troposphere have been carried out using Sentinel-5P satellite products, a global air pollution
monitoring satellite launched by ESA on October 13th, 2017 as part of the Copernicus mission [88].
Sentinel-5P uses a high inclination orbit (about 98.7°), defined as the angular distance of an orbital
plane from the equator. Sentinel-5P’s has a sun-synchronous, near-polar orbit. Said orbit leads 5P to
cross the equator at 13:30MLST (Mean Local Solar Time); this implies that the surface of the Earth is
always illuminated, at the same angles, by the Sun. 5P has a total orbital cycle of 16 days (14 orbits
per day, or 227 orbits per cycle) and the orbital reference altitude is approximately 824 km. The
advanced Tropospheric Monitoring Instrument (TROPOMI) for detailed atmospheric measurements
carried onboard Sentinel-5P is located in a low Earth orbit in the afternoon polar region with a swath
width of 2600 km. There are four spectrometers, each electronically split in two bands (two channels
in SWIR, two channels in VIS, two channels in UV, and two channels in NIR), with a radiometric
accuracy in absolute terms of 1.6% (SWIR) to 1.9% (UV) compared to Earth’s spectral reflectance.
With the finest spatial resolution of 3.5x5.5 km? and a high signal-to-noise ratio among the most
advanced atmospheric monitoring spectrometers currently available, it has been performing global
scans since August 6th, 2019. Operational Level 2 (L2) products are currently available to the public
and several research works in literature cover the results [89-91]
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2.3. Indoor and Outdoor Sampling Sites, Instruments and Times

Regarding indoor monitoring, a total of twelve office rooms, one room used with photocopiers,
and one was a large training room (often used to host external events), were investigated from March
to June 2021. The samplings were carried out during normal working activities, reproducing a real
indoor workplace environment representative of standard employee risk to FA exposure. A typical
time point (09:00-13:00 AM) was identified to characterize the diurnal working trend. The samplers
were placed on the desk close to the worker, one meter away from the walls of each room. In smaller
offices, one sampling point was considered, however in larger rooms two points were subject to these
measurements. Three samples were taken in each sampling point over three consecutive days. The
furniture provided for each workstation was a desk, a bookcase, and a chest of drawers. All offices
have windows and a centralized air recycling system.

In conjunction with indoor formaldehyde measurements, samplers were placed outside the
structure on a terrace adjacent to the monitored offices at a height of 1.5 meters. In addition to HCHO
monitoring, comprehensive microclimatic measurements were taken at both indoor and outdoor
locations with a sampling rate of one minute. Furthermore, the indoor air exchange rate from the
recycling system was assessed.

Indoor microclimatic measurements were performed using two integrated data loggers (LSI-
LASTEM model M-Log - ELO009) each equipped with a psychrometric sensor mod: an ESU102A,
which acquired Wet and Dry forced ventilation temperatures according to the ISO7726 standard; and
a hot wire anemometer mod; an ESV308 for measuring mean air speed and turbulence intensity with
a high rate. The measurement precision of employed psychrometers is + 0.1 °C for temperature and
+ 2% for RH (relative humidity) in the temperature range of 5-45 °C, while the anemometer has an
accuracy * 0.06 m/s in the 0.1-4 m/s range, and + 0.08 m/s in the range of 0.4-3.0 m/s.

The instruments were positioned on a tripod at heights of approximately 1.5 meters, and close
to the sampling system indoor measurement points. The acquisition rate was one second for each
parameter, and after 60 seconds of continuous measurement, the averages were stored in the aboard
memory. Besides microclimatic conditions, a balometer TSI Accubalance 8380 was used to measure
the air flux from ceiling-mounted cassette air conditioner when operating.

Outdoor meteorological measurements were collected by the station located in the same area in
which the chemical measurements were acquired. Since 2015, several instruments have been in
operation at the WMO/GAW LMT as part of a number of different monitoring programs. In this
study, we used an automatic weather station (Vaisala WXT520, Finland) collecting data at a height of
10 meters above ground level. This station, which is part of the WMO/GAW instrument pool, records
meteorological parameters such as wind velocity (m/s) and direction (°), temperature (°C), relative
humidity (%), barometric pressure (hPa), and accumulated rainfall (10-minute averages). The wind
sensor consists of an array of three ultrasonic transducers that are equally spaced in a horizontal
plane: the time required for ultrasounds to travel from each transducer to the other two was used by
the instrument to determine wind speed and direction. The precipitation sensor was used to detect
the impact of individual rain drops and the generated signals were proportional to drop volume; this
allowed the signal from each drop to be converted directly to accumulated rainfall. An advanced RC
oscillator and two reference capacitors were used to continuously measure the capacitance of the
pressure, temperature, and humidity sensors. The temperature dependence of the pressure and
humidity sensors is compensated by the transmitter’s microprocessor, thus allowing the instrument
to detect ambient air pressure, RH, and temperature with a sampling rate of one minute between
measurements.

3. Material and Methods

3.1. Outdoor Tropospheric TVC Formaldehyde Satellite Methods for Data Processing

In accordance with technical documents and recommendations, offline TROPOMI L2 HCHO
data gathered between March 1st and August 31st, 2021 have been used in this research. HCHO data
were provided in either in mol/m? or in molecule/cm? using a multiplication factor of 6.02214 x 10,
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as suggested by ESA [92]. An algorithm programmed in MATLAB-R2016a, comprised of several
consecutive digital processing steps, was used to reprocess data stream and HCHO column data.

The algorithm operates as follows: daily TROPOMI data are downloaded in netcdf format; said
data are parsed through and all required variables are processed; coordinates (latitude, longitude)
and time are extracted and converted according to the satellite’s track and scanning time; gas data is
extracted from the global matrix and consequently stored in an array focused on a particular region
of interest; the array is therefore georeferenced and all values with a Q. value less than 0.5 are
excluded. This step is in accordance with the recommendations on TROPOMI data processing, as the
quality of data is normally assigned a value ranging from 0 to 1 for all registered columns, and only
columns with a Q. greater than 0.5 are recommended (cloud radiance fraction at 340 nm < 0.5, no
error flag, surface albedo < 0.2, no snow/ice warning, Solar Zenith Angle (SZA) < 70°, and air mass
factor > 0.1) [93,94].

The algorithm includes a function aimed at performing a direct comparison between a target
site located at precise coordinates, and satellite measurements in its vicinity. The method ultimately
relates the minimum distance to the target site to the smallest distance datum in the array for
processing.

3.2. Formaldehyde Indoor/Outdoor Surface Analysis Methods

Indoor and outdoor formaldehyde was sampled using personal sampling pumps equipped with
adsorbent tubes containing a front bed of 300 mg DNPH-coated silica gel and a back bed of 150 mg
DNPH-coated silica gel (NIOSH 2016). The tubes were eluted with 5 mL of HPLC-grade acetonitrile
(ACN) and analyzed using an HPLC Shimadzu (model LC-20 AB) coupled with a binary pump and
UV-VIS detection (SPD-20 A/AV) at a wavelength of 365 nm. A calibration curve with an R? value of
0.9994 was established to quantify formaldehyde concentrations. The detection limit for
formaldehyde was 0.02 pg/mL, and the recovery rate was 90-105%.

3.3. Statistical Methods

A statistical analysis was performed on the chemical and physical parameters and some
correlation tests were performed. With regard to the meteorological and microclimatic parameters
(outdoor and indoor), the first step was to organize homogeneous datasets starting from raw data
and then aggregating them on an hourly basis for all the parameters considered: outdoor
Temperature, Tout °C, indoor Temperature, Tina °C, outdoor Relative Humidity, RHout%, indoor
Relative Humidity, RHin%, outdoor Wind Speed and Direction, WSout and WDou, indoor Wind
Speed, WSin, and direction, WDin. A homogeneous dataset is organized starting from raw data
gathered every one minute, following the aggregation on hourly basis of all considered
meteorological parameters. Statistical methods for quality control and validation are applied to the
raw data to remove outliers and problems that may be due to technical issues.

In order to perform comparisons between concentrations of formaldehyde accumulated
between 11:00 and 15:00 UTC, the mean and standard deviation (SD) were calculated starting from
the hourly mean homogenized dataset in the interval between 11:00 and 15:00 UTC. Spearman’s rank
correlation coefficient (SR) [95,96] was then applied to these new datasets. The SR is a method used
to test the strength and direction (positive or negative) of the correlation, related or associated,
between two variables, and is defined as Pearson’s correlation coefficient between ranked variables
[97]. For a sample of size n, the variables x and y are converted into the ranks R« and Ry, respectively,
and the SR coefficient, g, is calculated as follows:

0 = (cov(RxRy))/(0Rx oRy ) 1)

where cov is the covariance of the rank variables, cRx and oRy are the standard deviations of the rank
variables. The Spearman Rank Correlation can have a value ranging from +1 to -1 and its
interpretation is similar to that of the PCC (Pearson Correlation Coefficient).


https://doi.org/10.20944/preprints202410.2512.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 October 2024 d0i:10.20944/preprints202410.2512.v1

4. Results
4.1. Outdoor Formaldehyde

The possibility of studying atmospheric concentrations at LMT, in the absence of previous and
continuous measures of formaldehyde, is provided by the use of satellite data. On the basis of this
information, we performed an analysis of outdoor HCHO tropospheric column provided by the SP5
mission, using the methodology described in section 3.2, between March 1st and August 31st, 2021.

Seasonal variations in environmental parameters and FA concentrations are shown in Figure 2.
The daily mean values of VCD HCHO were used to compute monthly and seasonal averages, along
with median values and percentile thresholds (5th, 25th, 75th, and 95th percentiles). A seasonal trend
emerged, with higher monthly mean formaldehyde concentrations observed during warm summer
months. The highest monthly average VCD HCHO value, 1.3x10% + 0.6x10% molecules/cm? (blue
spots), was recorded in July 2021, whereas lower concentrations were detected in March and April.
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Figure 2. Monthly environmental and HCHO values observed at the site during the 2021 campaign.
From top to bottom, temperature (°C), relative humidity (%), wind speed (m/s), pressure (mbar), and
VCD HCHO count (molecules/cm?). Shaded areas, where present, show error bars.

In Figure 3, surface and columnar data measured at the satellite’s passage in correspondence of
the experimental site are highlighted, and a single data per day can be compared directly with in situ
data. The comparison between surface measurements and satellite dataset showed that in
correspondence of the recorded outdoor HCHO concentration peaks, an increase is observed in both
cases with a similar trend.
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Figure 3. Comparison between near-surface outdoor HCHO cumulated concentrations values in
pg/m? (blue line) at LMT and tropospheric column in molecules/cm? (red points) by TROPOMI L2 at

13:00 local time.

This data evaluation emphasizes the importance of combining satellite observations with
ground-level measurements to obtain a comprehensive understanding of formaldehyde distribution
and its influencing factors, particularly in complex environments like the Mediterranean region;
research previously carried out at LMT on multi-year datasets of continuous measurements
evidenced opposite surface concentration patterns for methane [81] and ozone [82], thus showing
that these concentrations need enhanced analyses to be adequately assessed.

In Figure 4, we reported the indoor and outdoor average concentrations of formaldehyde
detected in each room within the INAIL research center in Lamezia Terme. In general, indoor
concentration values of FA are higher compared to their outdoor counterparts, as confirmed by the

outdoor/indoor ratio that is always less than one, with the exception of rooms 10, 12, 13, 14.
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Figure 4. Comparison of outdoor and indoor HCHO concentrations in all rooms subject to the 2021
campaign. Purple bars indicate indoor concentrations, while blue bars indicate outdoor values.

In order to investigate possible correlations between meteorological/microclimatic variables,
and formaldehyde concentrations during the sampling campaign, we calculated Spearman and
significance tests following the descriptions reported in section 3.3. The results are shown in Table 1.

Table 1. Spearman regression matrix between outdoor microclimatic parameters and HCHO external

concentrations.
HCHOout VCD HCHO Tout. RHout. WSout
HCHOout -
VCD HCHO 0.169 -
Tout 0.168 0.550%** -
RHout. 0.392%* 0.164 0.293* -
WSout -0.130 0.106 -0.301* 0.202 -

"p<0.05," p<0.01,” p<0.001.

The reported data represent the o Spearman values, while footnotes (*) indicate the statistical
significance level of each test. Formaldehyde outdoor concentration is well correlated with, a p-value
of 0.006, with relative humidity whereas the total column of HCHO is highly correlated with external
temperature, yielding a p-value of <0.001.

Table 2. Spearman’s regression matrix between all the indoor and outdoor measurements.

Tin RHin WSin Tout. RHout WSout HCHO in HCHO out
Tin -
RHin 0.019 -
WSin 0.029 -0.082 -
Tout 0.405**  0.654 *** 0.030 -
RHout -0.051 0.642 *** -0.141 0.293 * -
WSout -0.103 0.082 -0.098 -0.301 * 0.202 -
HCHOw  -0.057 0.276 -0.298 * 0.000 0.254 0.244 -
HCHO ot  -0.086 0.293 -0.130 0.168 0.392 ** -0.130 0.377 ** -

“p<0.05," p<0.01,” p<0.001.

The reported Spearman’s test values indicate that outdoor FA concentrations are well correlated
(p-value = 0.008) with their indoor counterparts, as is the indoor RH with outdoor temperature and
relative humidity p-value, respectively (< 0.001). Furthermore, the analysis shows a weak but likely
negative correlation between indoor FA concentration and indoor speed.

4.2. Integration of meteorological parameters

Accounting for the addition of Vaisala WXT520 meteorological data, a cross-evaluation was
performed for 24 days, from March 11th to June 15th, 2021. From the analysis of surface
meteorological data shown in Figure 5, we note four different types of wind regimes, which have also
observed in recent peplospheric assessments at the same site [87]: well-developed sea-land breeze
cycle with wind direction shifting between west and east during daytime (sea-breeze with onshore
flow) and nighttime (land breeze with offshore flow) respectively; (green box) not complete (NC) sea-
land breeze, i.e., where wind direction during night comes from south, black box; synoptic wind flow,
from the west (synoptic wind); wind direction coming from East (during night). From the data shown
in Figure 5, we observed a daily cycle in the time series of physical parameters. During the night and
early morning, the surface layer is stable whilst, during the central hours of the day, the surface layer
is neutral or unstable, depending on weather conditions.
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Figure 5. Wind regimes for every day of the campaign, which are attributed as follows: breeze (green
box); not complete (NC) breeze (black box); western synoptic flow (orange box); eastern synoptic flow
(blue box). Additional evaluations on the effects of these regimes on local observations are available
in D’ Amico et al. (2024e) [87].

Looking at the acquired data and examining each day of the campaign, a bivariate statistical
analysis shows how local winds affect the in situ outdoor FA. A bivariate statistical analysis is used
to provide useful evidences aimed at investigating how local winds affect outdoor FA observed by
in situ measurements. To this end, daily HCHO values are analyzed as a function of wind speed and
direction observed at LMT station during the experimental campaign (Figure 6). The highest HCHO
concentrations (> 5ug/m?3) occur with winds blowing from east-northeast (E-NE) (Figure 6), a pattern
in accordance with methane peaks at the same site described in D’ Amico et al. (2024a) [81].
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Figure 6. Results of bivariate analyses on accumulated daily values of HCHO surface outdoor
concentration as a function of wind speed and direction during the day of the monitoring campaign.

The findings shown in Figure 6 suggest that inland air masses play a key role in promoting the
occurrence of elevated levels of these atmospheric tracers under local circulation conditions
(mountain breeze, wind speed <5 m/s). A cyclonic event characterized by higher wind speed is
associated with lower values observed for this air mass provenance. In general, two different
situations occur when considering the west and southwest (W-SW) sectors: the first is linked to the
establishment of the breeze regime, with winds below 6 m/s, characterized by the transport of sea
spray, which occurred most frequently at LMT, especially in spring and summer; the second is related
to the synoptic conditions with wind speeds above 8 m/s, which are characterized by the transport of
different types of gases and aerosols into the atmospheric column. With this wind regime, several
transport events of aerosols from the Sahara [79], volcanic ash from Etna and Stromboli located
nearby at 2 km, 3357 m above sea level, and 1 km, 924 m above sea level, from the site offshore [80],
respectively, are observed. In addition, CO and CO: are transported especially in summer due to the
frequent fires that occur in the Calabrian region [80].
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Figure 7. Correlation scatter plots between outdoor HCHO concentrations and meteorological
parameters. A: Tind vs HCHOind; B: RHind vs HCHONng; C: Tout vs HCHOout; D: RHout vs HCHOout.

In detail, during the campaign a relevant influence of the monitored site by wind circulation has
been observed. In Figure 8, the averaged concentrations of indoor and outdoor HCHO in each
working room and outdoor wind speed gathered on wind direction are reported.
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Purple bars indicate indoor concentrations, while blue bars indicate outdoor values.

As already stated, indoor HCHO concentrations are always higher than outdoor mole fractions,
however in case of E-NE wind corridors, such differences are amplified due to anthropic pollution.
Details on the observed O/I (outdoor to indoor) ratios are in Figure 9.
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Figure 9. Outdoor to indoor (O/I) ratios of formaldehyde, per room.

The outdoor/indoor concentration ratio is commonly reported to be less than 1, indicating that
indoor formaldehyde concentrations are typically higher than those found outdoors. Surveyed rooms
generally have O/I values below the 1 threshold; rooms 1, 5, 6, 7 are close to this threshold, thus
indicating similar outdoor and indoor FA concentrations.

5. Discussion

In the industrial area of Lamezia Terme (Calabria, Southern Italy), joint research by INAIL’s
DiMEILA and CNR'’s ISAC departments (Figure 1) assessed formaldehyde concentrations during a
summer 2021 campaign by integrating satellite data with local measurements. This experimental
campaign, performed during the 2021 summer season, is a first step towards the cross indoor/outdoor
assessment of FA exposure hazards in Calabria. A proper evaluation of FA exposure is required, as
atmospheric measurements in the region report notable wildfire emissions [80] which are among the
sources of FA known in literature (Section 1).

In this work, satellite data from Sentinel-5P on atmospheric column have been integrated by
local surface measurements of formaldehyde (HCHO, FA) and key meteorological parameters
(temperature, wind speed and direction, relative humidity) (Figure 2) to assess the indoor and
outdoor exposure to FA in areas not subject by continuous measurements (Figure 3). Indoor analyses
have been performed on a per-room basis at the INAIL research center (Figure 4) in order to add a
new degree of detail to the study.

The site where the campaign took place is located on the Tyrrhenian coast of Calabria, in the
municipality of Lamezia Terme, and previous works on the site have shown the presence of well-
established wind regimes dominated by breezes and prevailing W/NE corridors [73,74] which have
a strong influence on the atmospheric concentration of greenhouse gases and pollutants observed at
the local WMO/GAW station [81,82,87]. Prevailing wind regimes have been classified and used to
determine the main corridors of air mass transport in order to test their influence on formaldehyde
concentrations in the campaign (Figure 5).

From the W/NW sector, outdoor FA concentrations are lower due to seaside winds which are
generally depleted in pollutants [81], although exceptions such as surface ozone (Os) have been
reported [82]. The W/SW sectors yield higher outdoor and indoor concentrations that we hereby
attribute to orthopedic prosthetics manufacturing in that direction. Specifically, the W sub-sector
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yields lower values compared to the SW sub-sector because wind speeds in the latter direction are
lower and air masses can persist for a longer period of time, thus increasing the exposure and
detection times. Overall, the correlation between concentrations and wind parameters (Figure 6) is in
accordance with other studies performed at the WMO site on how local wind circulation affects
surface observations of greenhouse gases and pollutants. These findings remark on the susceptibility
of buildings to FA exposure in terms of orientation with respect to prevailing local wind regimes,
and also add degrees of variability which are correlated with meteorological factors observed on a
local scale, such as relative humidity and temperature (Figure 7).

Outdoor and indoor FA have shown an average correlation rate, thus indicating an exchange
between the two environments. With respect to external relative humidity, FA shows a correlation.
Indoor and outdoor RH values are also correlated, thus indicating the lack of AC in the surveyed
rooms.

Research indicates that outdoor formaldehyde concentrations generally range from 5 to 30
pg/m3, influenced by factors such as industrial activities, vehicular emissions, and meteorological
conditions. Conversely, indoor levels frequently range from 20 to 100 pg/m?3, with notable peaks in
environments where formaldehyde-emitting products are prevalent. The O/I ratio, defined as the
ratio between outdoor and indoor FA concentrations observed in this study, shows the contribution
of outdoor FA to observed indoor concentrations. An O/I ratio of 0.3, for example, indicates that 30%
of indoor FA is attributable to outdoor origin, while the remaining 70% is due to indoor sources such
as furniture. Furthermore, the O/I ratio can fluctuate based on ventilation practices, seasonal changes,
and building (in this case, room) occupancy levels.

It is known from leading literature that predominant increase in indoor formaldehyde
concentrations relative to outdoor levels is attributed to several factors (Section 1). Poor ventilation
increases the indoor accumulation rate of FA due to reduces air exchange. In outdoor environments,
air flows lead to dilution and dispersion. Indoor environments are characterized by a number of
sources, ranging from building materials to household products used on a daily basis; smoking and
cooking, which are typically human activities, also result in FA indoor releases.

Seasonal influences can also lead to changes in FA concentrations, as higher outdoor
temperatures may trigger photochemical reactions capable of perturbing FA levels.

This study was based on a summer campaign, however it allowed to highlight patterns and the
interplay of several factors: the O/I ratios shown in Figure 9 allow to determine the presence of rooms
which are more likely to be exposed to FA hazard and rooms with such exposures (specifically, their
orientation and position within the building) are correlated with wind directions and local wind
circulation. In terms of urban planning and environmental/health protection, this finding is of interest
as it adds new variables to general FA hazard assessments in the area.

A proper understanding of O/I levels on a per room scale are deemed significant for a proper
assessment of the FA exposure hazard. As a confirmed carcinogen, FA should be monitored
constantly, and concentration peaks require precise and immediate actions be taken to mitigate all
related risks. The findings of this study show that gathering data in one spot within a building is not
sufficient to determine the broad FA hazard, as individual rooms need to be considered, as well as
their orientation with respect to prevailing winds. The findings shown in this study therefore
constitute a new fundament upon which FA exposure hazards assessments should be based on.

6. Conclusions

A joint venture campaign performed by INAIL DiMEILA and CNR ISAC in the municipality of
Lamezia Terme (Calabria, Southern Italy) exploited the presence of a WMO/GAW observatory
located nearby a research center on insurance against accidents at work. Local meteorological data
gathered at the WMO observation sites have been used in conjunction with the results of a campaign
on indoor and outdoor formaldehyde (FA) concentrations to assess, for the first time, correlations
between key meteorological parameters and FA exposure in outdoor and indoor environments. In
addition to surface data, total column data from the Sentinel-5P satellite have been used to further
assess correlations between the findings and third party data.
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The campaign shows the correlation between indoor and outdoor FA, defined as an O/I ratio
indicating the exchange between the two surveyed environments. The study was aimed at specific
rooms within the INAL building and demonstrated the heterogeneity of FA exposure hazards. O/I
values have been demonstrated to vary even in the context of the same building, above and below
the O/I threshold of 1.

Furthermore, rooms have proved different degrees of susceptibility to FA exposure depending
on their orientation with respect to prevailing wind circulation pattern, in accordance with previous
research at the WMO site which showed well-defined correlations between wind patterns and the
concentrations of greenhouse gases and other pollutants.

This study shows the importance of integrating, where available, data from other sources to
complement indoor and outdoor FA assessments and provides new insights on regulations and
policies that could be channeled towards the mitigation of the FA exposure risk in workplaces and
similar environments.
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