
The Boundary-layer Air Quality-analysis Using Network of INstruments 

(BAQUNIN) supersite for Atmospheric Research and Satellite Validation 

over Rome area 

Anna Maria Iannarellia, Annalisa Di Bernardinob, Stefano Casadioa,c, Cristiana Bassanid, 
Marco Caccianib, Monica Campanellie, Giampietro Casasantae, Enrico Cadaua,c,f, Henri 

Diémozg, Gabriele Mevia, Anna Maria Sianib, Massimo Cardacia, Angelika Dehn c, Philippe 
Goryl c 

a SERCO Italia SpA, Frascati, Rome, 00044, Italy 
b Sapienza University of Rome, Department of Physics, Rome, 00185, Italy 

c EOP-GMQ, ESA/ESRIN, Frascati, Rome, 00044, Italy 
d National Research Council of Italy, Institute of Atmospheric Pollution Research (CNR-IIA), Monterotondo, 

Rome, 00015, Italy 
e National Research Council of Italy, Institute of Atmospheric Sciences and Climate (CNR-ISAC), Rome, 00133, 

Italy 
f Sardegna Clima Onlus, Fonni, Nuoro, 08023, Italy 

 g ARPA Valle d'Aosta, Saint-Christophe, Aosta, 11020, Italy 

Corresponding author: Annalisa Di Bernardino, annalisa.dibernardino@uniroma1.it 

Manuscript revised (non-LaTeX) clean

1
Early Online Release: This preliminary version has been accepted for publication in 
Bulletin of the American Meteorological Society, may be fully cited, and has been 
assigned The final typeset copyedited article will 
replace the EOR at the above DOI when it is published. 

© 2021 American Meteorological Society 

DOI 10.1175/BAMS-D-21-00 .1.99

Unauthenticated | Downloaded 02/28/22 01:49 PM UTC



2
Accepted for publication in Bulletin of the American Meteorological Society. DOI 10.1175/BAMS-D-21-0099.1.

2

ABSTRACT 21

The Boundary-layer Air Quality-analysis Using Network of Instruments (BAQUNIN) 22

supersite is presented. The site has been collecting pollutant concentrations and meteorological 23

parameters since 2017. Currently, BAQUNIN consists of three observation sites located in the 24

city center of Rome (Italy), and in the neighboring semi-rural and rural areas. To the best of 25

our knowledge, BAQUNIN is one of the first observatories in the world to involve several 26

passive and active ground-based instruments installed in multiple locations, managed by 27

different research institutions, in a highly polluted megacity affected by coastal weather 28

regimes. BAQUNIN has been promoted by the European Space Agency to establish an 29

experimental research infrastructure for the validation of present and future satellite 30

atmospheric products and the in-depth investigation of the planetary and urban boundary 31

layers. Here, the main characteristics of the three sites are described, providing information 32

about the complex instrumental suite and the produced data. The supersite adopts a policy of 33

free sharing of its validated dataset with the community. Finally, the BAQUNIN potential is 34

demonstrated with a case study involving a major fire that occurred in a waste treatment plant 35

near the urban center of Rome, and the consequent investigation of the plume properties 36

revealed by different instruments. 37

CAPSULE  38

This paper presents the BAQUNIN observatory and its contribution to atmospheric studies 39

and satellite Cal/Val activities. 40

41
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Introduction  42 

The amount of people living in urban areas is estimated to be around 50% of the total 43 

world's population and this percentage is expected to increase, reaching 68% in the next 30 44 

years (United Nations 2019). Two-fifths of cities with populations of 1 million to 10 million 45 

people are located near coastlines (Sterzel et al 2020). Understanding urbanization trends play 46 

a key role in sustainable development and in ensuring a good quality of life for the world 47 

population. Atmospheric processes in an urban environment are complex due to the presence 48 

of tall buildings, roads, and intersections, capable of limiting both ventilation and pollutants 49 

dispersion in the layer of the atmosphere closest to the ground, i.e., in the Urban Boundary 50 

Layer (UBL). Moreover, in densely populated cities, air quality is degraded by the presence of 51 

anthropogenic gases and particulate matter (PM) that are responsible for threatening the 52 

environment and the human health and reducing visibility because of the absorption and 53 

scattering of solar and terrestrial radiation. Medium and large urban areas are also affected by 54 

peculiar phenomena, such as the Urban Heat Island (UHI) and the Urban Pollution Island 55 

(UPI), among others. The former gives rise to the alteration of the thermal balance of the urban 56 

region compared to rural surroundings (Nuruzzaman 2015), the latter is defined as the spatial 57 

and temporal variation in pollutant concentrations that can be ascribed to the presence of typical 58 

urban features and activities (Crutzen 2004). Moreover, the interaction between anthropogenic 59 

pollutants and urban green areas is complex and ambivalent as regards the effects on ozone and 60 

organic secondary particulate, contributing to the worsening of air quality (Bonn et al. 2018). 61 

The detailed knowledge and the forecast of the urban atmosphere composition and the 62 

evolution of urban climate are essential to understand the atmospheric processes occurring at 63 

the city scale (Baklanov and Nuterman 2009). The international scientific community is 64 

promoting the creation of measurement observatories, named supersites, for which a unique 65 

definition has not been established so far. Following Sugiura et al. (2011), a supersite should 66 
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encompass various research topics, covering an extensive area rather than a single point site, 67 

with long-term measurements that should be used synergistically and distributed to the public 68 

for the benefit of the entire scientific community. However, none of the listed characteristics 69 

is strictly mandatory for the establishment of a supersite. 70 

Among the first supersites ever established were the Lindenberg Meteorological 71 

Observatory – Richard Assmann Observatory (MOL-RAO) in Upper Bavaria, Germany, 72 

inaugurated in 1905 focusing on the experimental exploration and interpretation of the 73 

atmosphere's physical structure from the ground up to the stratosphere 74 

(https://www.dwd.de/EN/aboutus/locations/observatories/mol/mol.html, last accessed 18 75 

November 2021), and the Boulder Atmospheric Observatory (BAO) in Colorado, United 76 

States, founded in 1977 and in operation until 2016 (Kaimal and Gaynor 1983). This latter site 77 

was a milestone for the investigation of the planetary boundary layer (PBL) dynamics, aerosols, 78 

greenhouse gases and for the validation of new remote sensing tools (Wolfe and Lataitis 2018). 79 

During the last two decades, further supersites have been realized to study clouds in tropical 80 

areas (Barbados Cloud Observatory (BCO), Stevens et al. 2016), sub-arctic environment 81 

(Pallas Atmosphere-Ecosystem Supersite, Hatakka et al. 2003), Alpine urban environment 82 

(Innsbruck Atmospheric Observatory (IAO), Karl et al. 2020), coastal urban environment 83 

(Urban Meteorological Observation System (UMS-Seoul), Park et al. 2017), urban and rural 84 

environment (Romanian Atmospheric research 3D Observatory (RADO), Nicolae et al. 2010; 85 

CNR-IMAA Atmospheric Observatory (CIAO), Madonna et al. 2011; Site Instrumental de 86 

Recherche par Télédétection Atmosphérique (SIRTA), Zhang et al. 2019), and several 87 

environmental conditions (https://www.arm.gov/, last accessed 18 November 2021). 88 

To the best of our knowledge, urban/coastal environments supersites capable of long-term 89 

datasets with high spatial-temporal resolution and good accuracy on the urban environment 90 

and, at the same time, on the neighbouring semi-rural and rural areas are rare. In this context, 91 
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the Boundary-layer Air Quality-analysis Using Network of Instruments (BAQUNIN) supersite 92 

has been designed with the fundamental objective to fill this gap, i.e., to improve the 93 

understanding of urban meteorology driving pollutant dispersion and long-range transport 94 

phenomena, as well as to support the validation and calibration of satellite-derived products in 95 

urban environments. 96 

This paper describes the environmental context of the BAQUNIN supersite, highlighting 97 

the strategic location of the sites, summarizing the main research challenges and the present 98 

knowledge gaps filled by the scientific program. Moreover, the main experimental activities 99 

and the observatory equipment are presented, with special reference to the customized tools 100 

developed for BAQUNIN. An example of the capabilities of BAQUNIN data is shown for one 101 

of the first notable cases (e.g., Di Bernardino et al. 2021a; Di Bernardino et al. 2021b; 102 

Campanelli et al., 2021) captured by the instrumentation since the start of the activities. Finally, 103 

possible future perspectives of the supersite are discussed. 104 

The BAQUNIN Supersite 105 

Environmental context 106 

The city of Rome has a population of about 2.8 million residents in 1300 km2 107 

(https://www.istat.it/en/censuses/population-and-housing/results). Including the metropolitan 108 

area, it reaches 4.3 million citizens, representing one of the most densely populated areas in 109 

Europe. 110 

The surrounding region is characterized by complex orography (Fig. 1). The city stretches 111 

along the Tiber Valley and is surrounded by the mountain chain of the Apennines to the north 112 

and by the Alban hills to the south. To the west, the surface slope gently decreases until 113 

reaching the coast of the Tyrrhenian Sea, about 27 km away from the city center.  114 
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According to the Köppen-Geiger criteria (Peel et al. 2007), the climate in Rome is classified 115 

as Csa, i.e. Hot-summer Mediterranean with hot, dry summers and mild, wet winters. Two 116 

different peculiar local orography-related circulation patterns are identifiable: i) the sea-breeze 117 

regime due to the proximity of the Tyrrhenian coast (Di Bernardino et al. 2021a), and ii) the 118 

drainage flow in the Tiber valley (Petenko et al. 2011). During the daytime, because of the 119 

thermal differences between inland and sea surface, the wind generally blows from the south-120 

west in the coastal area and the city center. Conversely, in the internal areas, the airflow veers 121 

to the northeast, due to the prevalence of the drainage circulation that characterizes the Tiber 122 

valley. 123 

Commerce and services represent the main economic activities in the area, while there are 124 

no large industrial plants near the urban center. This implies that emissions of atmospheric 125 

pollutants mainly originate from vehicular traffic and residential heating. In addition to the 126 

population living in the urban center, commuters from rural and semi-rural surroundings reach 127 

their workplaces in Rome every day, increasing the traffic volumes on the main business 128 

streets, especially during the morning and the late afternoon rush hours. 129 

The region is often exposed to extreme aerosol events, as Saharan dust is frequently 130 

transported at these latitudes over the Mediterranean Sea (Gobbi et al. 2017). The supersite has 131 

the nontrivial advantage of being located close to Pratica di Mare, one of the major permanent 132 

radiosounding stations in Italy run by Italian Air Force, where balloon soundings are regularly 133 

performed at 00:00 UTC and 12:00 UTC. In the BAQUNIN framework, these extremely 134 

valuable atmospheric data are used for inter-comparison/calibration purposes (e.g., LIDAR 135 

retrievals), for assessing the quality of WRF forecasts by comparing collocated temperature 136 

and humidity profiles, for the accurate estimate of tropopause, and for the assessment of 137 

atmospheric stability conditions. Hence, the conformation of the city, its geographical position, 138 

and its anemological peculiarities make it the convenient site for studies focused on i) 139 
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monitoring atmospheric pollution and atmospheric constituents, ii) providing a UBL 140 

characterization, iii) providing reference products for satellite and models validation in an 141 

urban context. The importance of conducting studies in this region was also recognized by the 142 

European Space Agency (ESA), which constantly supported the BAQUNIN project from its 143 

very birth, as explained in what follows. 144 

Partners and observation sites 145 

Since 2013 (Casadio et al. 2013), ESA has promoted the creation of an experimental 146 

research infrastructure for the validation of present and future satellite atmospheric 147 

composition products through a series of initiatives, run under the responsibility of the 148 

European Space Research Institute (ESRIN) - Sensor Performance, Products and Algorithms 149 

(SPPA) section. In the framework of the “Fiducial Reference Measurement” (FRM) series, 150 

several projects dedicated to the improvement of the quality of the ground-based remote 151 

sensing instruments are currently active, aiming to provide the community of researchers 152 

involved in the satellite calibration and validation (hereinafter, Cal/Val) with elevated standard 153 

validation products (https://earth.esa.int/web/sppa/home). 154 

In the context of SPPA, the BAQUNIN precursor activities (small and short term projects 155 

focused on specific scientific and technical topics) started in 2015 in the framework of the 156 

Instrument Data quality Evaluation and Analysis Service (IDEAS+) contract (service acting on 157 

behalf of ESRIN-SPPA section for ensuring the best data quality of ESA operational Earth 158 

observations missions), and continued with the BAQUNIN project from March 2019 onwards, 159 

to create an atmospheric composition Cal/Val supersite, allowing for UBL studies and 160 

innovative monitoring of the urban environment.  161 

The BAQUNIN consortium is composed of the following entities: (i) SERCO Italia ( 162 

https://www.serco.com/eu), a private company based in Frascati (Rome, Italy); (ii) the 163 
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Atmospheric Physics Laboratory (SAPIENZA-APL), belonging to the Physics Department of 164 

the Sapienza University of Rome; (iii) the Institute of Atmospheric Sciences and Climate, 165 

National Research Council, (CNR-ISAC), located in the Research Area of Tor Vergata, Rome; 166 

(iv) the Institute of Atmospheric Pollution Research, National Research Council, (CNR-IIA), 167 

located in the Research Area of Montelibretti, Rome.  168 

In its current configuration, the BAQUNIN supersite consists of three observation sites, 169 

located at SAPIENZA-APL (hereinafter, APL, Lat. 41.90, Long. 12.52, 75 m.a.s.l. (meters 170 

above sea level)), CNR-ISAC (hereinafter, ISAC, Lat. 41.84, Long. 12.65, 117 m.a.s.l.) and 171 

CNR-IIA (hereinafter, IIA, Lat. 42.11, Long. 12.64, 92 m.a.s.l.), i.e., in the Tiber Valley 172 

surrounding Rome (Fig. 1). 173 

The three sites have been selected in the urban, semi-rural, and rural environments, to allow 174 

in-depth studies of UHI and UPI under different atmospheric characteristics and to support 175 

Cal/Val activity of satellite products. APL is in the Rome city center and hosts the instruments 176 

on the rooftop of a six-floor building, at approximately 25 m.a.g.l. (meters above ground level). 177 

The ISAC site is located in a flat, semi-rural environment, about 13 km southeast of Rome, 178 

close to the Alban Hills. ISAC hosts the CNR-ISAC Rome Atmospheric obServatory (CIRAS, 179 

https://www.isac.cnr.it/en/infrastructures/ciras). The BAQUNIN additional instrumentation 180 

reinforces the already existing observatory for meteorological and atmospheric composition 181 

studies. The IIA is in the Tiber valley and is considered as a reference for the investigation of 182 

rural background atmospheric conditions (it is located about 26 km northeast of Rome). The 183 

institute houses the Liberti station (https://en.iia.cnr.it/osservatorio-arnaldo-liberti/), where 184 

several instruments routinely carry out chemical aerosol and gaseous compound 185 

measurements, also hosting the BAQUNIN facilities.  186 

Meteorological and air quality characteristics of the BAQUNIN sites 187 
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The peculiarities of the three sites are highlighted by analyzing the seasonal variability of 188 

relevant meteorological parameters, and the concentrations of nitrogen dioxide (NO2), and 189 

ozone (O3), two pollutants that are commonly monitored and are subjected to regulations. 190 

The year 2019, i.e., the first year of full activity of BAQUNIN, is studied. In addition to 191 

the BAQUNIN data, the measurements acquired from nearby stations managed by other 192 

agencies or research institutions were also considered. Specifically, meteorological data for 193 

ISAC and in situ O3 concentration for APL are provided by the Regional Environmental 194 

Protection Agency of Lazio region (ARPA Lazio) air quality network, while meteorological 195 

data and in situ concentrations of NO2 and O3 for IIA are furnished by the Liberti station.   196 

Figure 2 shows the seasonal wind roses, obtained following the astronomical season’s 197 

classification, and the differences in the anemological conditions at the sites. At APL, the 198 

sea/land breeze regime is predominant in summer, when the wind essentially blows from the 199 

south-west quadrant and from north-east. In the remaining seasons, the wind chiefly blows 200 

from north-north-east and from south-south-east, with higher intensities in the latter case. The 201 

wind roses relative to ISAC depict a rather homogeneous distribution of wind directions and 202 

intensities, essentially due to the orography of the area: the proximity of the hills on one side 203 

and the Tiber valley on the other complicate the local circulation pattern, impairing the 204 

predominance of a definite direction. Nevertheless, the contribution of the breeze regime is 205 

evident in summer, with prevailing and dominant winds from the west-south-west direction. 206 

The winds at the IIA site are also closely linked to the orography of the region, the prevailing 207 

directions being from the north and south quadrants, i.e., coinciding with the direction of the 208 

valley axis, throughout the year. It should be noted that the APL meteorological station is 209 

installed 28 m.a.g.l. (on the edge of the rooftop of a building about 25 m high), while ISAC 210 

and IIA stations are 10 m.a.g.l. and 4 m.a.g.l., respectively. 211 
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Figure 3 shows the weekly averages of air temperature (T), absolute humidity (AH) 212 

computed following Camuffo (2010), and total precipitation (TP) for the three sites, measured 213 

by surface weather stations. The regimes of the average daily temperatures (Fig. 3a) are very 214 

similar, although APL always shows slightly higher values than the other sites (about 0.9 °C 215 

more than ISAC and 1.6 °C more than IIA). The minimum values are also higher in the urban 216 

environment than at the other two sites (about 2 °C during the summer), while maxima are 1 217 

°C higher at IIA with respect to APL and ISAC. These temperature differences depend on the 218 

different height above sea level and distance from the coast across the stations. Moreover, the 219 

different land-surface characteristics give rise to the UHI phenomenon in the center of Rome, 220 

which induces an increase in temperatures in the urban area, especially during summer and at 221 

night, as pointed out, for instance, by Ciardini et al. (2019). APL is the warmest site: the highest 222 

minimum temperatures are usually recorded (due to the UHI effect), also resulting in the 223 

highest average temperatures. The AH weekly median values (Fig. 3b) at APL range between 224 

4.1 g/m3 and 14.8 g/m3 (annual median: 9.3 g/m3), while ISAC generally exhibits the highest 225 

absolute humidity (annual median: 11.4 g/m3), except in summer, when AH locally experiences 226 

a significant drop coherently with the seasonal variations in total precipitation and in the 227 

number of rainy days (Fig. 3c). In fact, during June and July, IIA is characterized by 228 

precipitation amounts that are much higher (about 300% more) than at the other sites, also 229 

responsible for the highest AH values.  230 

Figure 4 shows the weekly average surface concentrations of NO2 (panel a) and O3 (panel 231 

b) available for APL and IIA only. Urban NO2 concentrations fluctuate between 15 and 60 ppb, 232 

while they are much lower in the rural area, with average values of about 7 ppb and peaks of 233 

25 ppb. In both sites, the concentrations are lower in summer (about 45 ppb at APL and 8 ppb 234 

at IIA), due to the shorter lifetime and to the weaker anthropogenic local sources typical of the 235 

summer months. The in situ O3 shows values typically between 10 and 75 ppb, with a marked 236 
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and similar seasonal cycle in IIA and APL, assuming higher values in summer (about 60 ppb 237 

at APL and 55 ppb at IIA) than in winter (about 20 ppb at APL and IIA).  238 

Main knowledge gaps and research challenges 239 

In Rome, during the past two decades, a significant number of scientific campaigns were 240 

carried out. For instance, Struckmeier et al. (2016), characterized the urban aerosols in Rome 241 

downtown, studying their seasonal and spatial variability, dynamics and main sources, Mallone 242 

et al. (2011) investigated the effect of Saharan dust on the association between different PM 243 

fractions and daily mortality in Rome. Recently, Ciardini et al. (2019) used 244 

micrometeorological in-situ measurements to evaluate the distribution of the UHI intensity in 245 

and around the city, while Pelliccioni et al. (2020) focused on the role played by 246 

micrometeorology and indoor airflow characteristics in determining indoor PM concentration. 247 

Nonetheless, these were short, intensive campaigns, which did not provide information about 248 

the long-term evolution of the urban atmospheric characteristics. 249 

In general, despite the presence of instruments dedicated to the meteorological 250 

characterization and the investigation of specific phenomena, often past research projects 251 

provided  data that did not allow an accurate and comprehensive atmospheric analysis, also due 252 

to the scarcity of continuous profile measurements. The latter, in synergy with columnar and 253 

ground-based observations would definitely improve the knowledge of the urban atmosphere 254 

and provide a complete dataset for the accurate validation of satellite products. 255 

Due to the exiguity of long-term measurements, which can provide information on current 256 

trends, near future scenarios of the urban atmosphere evolution are obtained through 257 

simulations (Chen et al. 2011). Numerical results, however, are affected by considerable 258 

uncertainties as they require, for the determination of boundary conditions and for the 259 

validation of results, the knowledge of source emission and land use, i.e. environmental 260 
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characteristics continuously changing and hard to assess (Nahian et al. 2020). High-quality 261 

measurements, such as those provided by BAQUNIN, can effectively be used to validate and 262 

calibrate numerical projections, by providing realistic profiles in the UBL (e.g., of wind speed 263 

and direction and of turbulent kinetic energy) and thermal fluxes. 264 

As a matter of fact, current atmospheric composition products from space cannot be used 265 

for accurate UBL studies (Huang et al. 2021). Limiting factors are the still too low spatial 266 

resolution (3.5x5.5 km2 for nadir observations of the TROPOspheric Monitoring Instrument, 267 

TROPOMI, a sensor on board of the Copernicus Sentinel-5 Precursor satellite), and the low 268 

sensitivity of the measured radiance to the lowest portion of the atmosphere. Additionally, due 269 

to the spectral and spatial inhomogeneity of the surface affecting ground reflectivity and to the 270 

sharp horizontal variation of the atmospheric conditions, observations from satellite-borne 271 

sensors cannot correctly capture differences in the atmospheric structure between surfaces with 272 

different dynamical and thermal features. Other limitations are i) the low temporal resolution 273 

(for Low Earth Orbit, LEO, satellites), which does not fully capture the daily cycles of pollutant 274 

concentrations (e.g., photochemistry) and ii) the significant uncertainties in the air mass factor, 275 

due to aerosol scattering and to insufficient information on species profiles close to the surface 276 

and on the height of the UBL. 277 

Despite all the efforts made so far, the necessity of acquiring high quality and long-term 278 

atmospheric measurements in the urban environment is therefore evident. In this context, 279 

BAQUNIN can provide a valuable contribution to bridging these knowledge gaps, providing 280 

synergistic information on meteorological parameters, columnar content of trace gases and 281 

aerosol, vertical stratification of particulate matter, and solar irradiance, allowing the detailed 282 

study of the UHI, of the UPI, and of the interaction between the local and the mesoscale 283 

circulation and pollution. These data, while enriching pre-existing databases, also play a key 284 

role in the validation of the latest generation satellite products, as BAQUNIN produces and 285 
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distributes free data for satellite validation activities through international networks and portals. 286 

These products are also useful to the scientific community, allowing for inter-comparison 287 

exercises and for inter-calibration campaigns of ground-based instruments that are routinely 288 

used for Cal/Val activities. 289 

In recognition for the potentialities of the BAQUNIN products in the satellite Cal/Val 290 

context, the NO2 total columns from BAQUNIN instruments are routinely used by the S5p 291 

Mission Performance Center (https://mpc-vdaf-server.tropomi.eu/) for the validation of 292 

TROPOMI Real-Time and Off-Line products (see e.g., Verhoelst et al. 2021). The BAQUNIN 293 

team is also currently involved in two ESA Announcement of Opportunity Cal/Val projects, 294 

namely the “EarthCare” and “Copernicus Sentinel-5p TROPOMI” validation projects. For the 295 

EarthCare mission (Illingworth et al. 2015), the comparison between observations and satellite 296 

data will contribute to the improvement of the inversion algorithms, by validating a set of 297 

aerosols and cloud-related products collected in sites that are representative of different 298 

scenarios. As to the TROPOMI mission (Veefkind et al. 2012), BAQUNIN provides data for 299 

the direct validation of O3, NO2, water vapor, formaldehyde, sulfur dioxide, tropospheric 300 

vertical column, thus evaluating the impact of different aerosol types and loads. The 301 

BAQUNIN Satellite Cal/Val activities include the validation of Sentinel-3 Aerosol Optical 302 

Depth (AOD) products, and the so-called ESA Third Party Missions (TPMs), such as the 303 

Global Change Observation Mission - Climate Second generation GLobal Imager (GCOM-C 304 

SGLI) (Tanaka et al. 2018) and the Thermal And Near infrared Sensor for carbon Observation 305 

Fourier-Transform Spectrometer onboard the Greenhouse gases Observation Satellite GOSAT, 306 

GOSAT TANSO-FTS (Suto et al. 2021).  307 

The CNR, the Italian National Agency for New Technologies, Energy and Sustainable 308 

Economic Development (ENEA), the National Institute of Geophysics and Volcanology 309 

(INGV), SERCO, Sardegna Clima Onlus, and Sapienza University all actively participate in 310 
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the Cal/Val activities. The validation activities for TPMs, in particular, are carried out also in 311 

close collaboration with the ESA Earthnet Data Assessment Project (EDAP, 312 

https://earth.esa.int/eogateway/activities/edap).  313 

Equipment and products 314 

BAQUNIN includes active and passive remote sensing and surface instruments, which 315 

allow the retrieval of fundamental parameters for the investigation of atmospheric properties, 316 

gases, and atmospheric aerosols. Most of the devices currently installed in APL are purchased 317 

(see Table 1 for details), except for the APL Multi-WaveLength (MWL) Light Detection and 318 

Ranging (LIDAR) and the SOund Detection And Ranging (SODAR), which are custom-made. 319 

A dual spectrometer system Pandora-2S is installed at both ISAC and IIA sites. In support to 320 

the observational activities, the BAQUNIN consortium produces dedicated numerical 321 

simulations of the relevant meteorological fields by means of the Weather Research and 322 

Forecasting (WRF) model (Skamarock et al. 2008). 323 

The advantageous location of its three stations, and the contemporary presence of several 324 

diverse instruments for atmospheric observation, have fostered the insertion of BAQUNIN in 325 

several national and international remote sensing networks, for which it now represents a 326 

certified cross-point. These networks are: 327 

● Pandonia Global Network (PGN, www.pandonia-global-network.org): the network of 328 

Pandora instruments, promoted by ESA and by the National Aeronautics and Space 329 

Administration (NASA);  330 

● SKYNET/ESR (ESR, www.euroskyrad.net/): the European branch of the Skynet 331 

radiometers network of Prede-POM sun sky radiometers; 332 
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● Aerosol robotic network (AERONET, https://aeronet.gsfc.nasa.gov/): run by NASA and 333 

Laboratoire d'Optique Atmosphérique (LOA-PHOTONS) (https://www-loa.univ-334 

lille1.fr/photons); 335 

● European Brewer Network 336 

(EUBREWNET) (http://www.eubrewnet.org/): the network of European Brewer 337 

Spectrophotometer monitoring stations launched as part of a COST Action; 338 

● Climate Network (OMD, https://fondazioneomd.it/climate-network): Italian national 339 

network of certified quality weather stations; 340 

● Sardegna Clima (SCO, https://www.sardegna-clima.it/): Sardinian network of weather 341 

stations. 342 

The BAQUNIN instruments that are included in such officially recognized networks are 343 

subject to quality control, thus assuring community-certified quality data (for each network, 344 

more details on the specific best practice procedures and protocols are available on the websites 345 

aforementioned). For those instruments that do not belong to a network, specific procedures 346 

are anyway followed to verify the quality of measurements and retrievals, according to the 347 

guidelines provided by the manufacturers or by the scientific community (for each product, see 348 

the references in Table 2). Finally, for the custom-made instruments, statistical analyzes are 349 

carried out and, for the MLW LIDAR, the guidelines provided by Aerosols, Clouds, and Trace 350 

gases Research InfraStructure (ACTRIS) and the European Aerosol Research Lidar Network 351 

(EARLINET) are followed. In addition, daily checks are performed to ensure the continuity of 352 

the acquisition and avoid gaps in the datasets. 353 

MWL LIDAR description 354 

The MWL LIDAR has been designed and assembled using both custom-made and 355 

commercial equipment. The laser source, sensors, electronics, and optics are components 356 
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commonly available from serial industrial production, while frames and optomechanics were 357 

designed and built by the APL/BAQUNIN team. The controlling software has also been 358 

developed in-house. This modular approach allows a regular upgrading of single components 359 

and permits to add new acquisition channels to the basic instrument to improve the system 360 

performance.  361 

Presently, the system includes a powerful-pulsed laser, four optical receivers (telescopes), 362 

and twelve acquisition channels. The Quanta Ray Pro-290-30 laser produces 10 ns pulses at 363 

three wavelengths, 1064, 532, and 355 nm, with nominal pulse energy of 1600, 800, 400 mJ, 364 

respectively. The three beams are injected into the atmosphere by adjustable mirrors and 365 

prisms. The MWL LIDAR backscattered signals are collected by four receivers and the 366 

acquisition system is based on six Transient Recorders TR20@LICEL equipped with an 367 

analog-to-digital converter (ADC) as well as with a photon counter. The system’s maximum 368 

range is 22.5 km, although the signal-to-noise ratio reduces the retrieval capability above the 369 

tropopause. In what follows, the information about the minimum and full overlap altitudes refer 370 

to the current configuration, albeit the alignment of the receivers is adjustable for specific 371 

studies concerning the PBL. The receiver for Ultraviolet (UV) High Range is a 50 cm 372 

Cassegrain telescope (minimum and full overlap altitudes: 300 m.a.s.l. and 5000 m.a.s.l., 373 

respectively) for elastic backscattering at 355 nm, molecular nitrogen (N2) at 386 nm, and water 374 

vapor at 407 nm for Raman backscattering. Three photon-counting channels are used for these 375 

signals and an additional analog channel is dedicated to the Raman water vapor signal.  376 

Two telescopes are devoted to the Visible (VIS) elastic backscattering at 532 nm: the Low 377 

Range receiver is a 6 cm refractive telescope (minimum and full overlap altitudes: 120 m.a.s.l. 378 

and 150 m.a.s.l., respectively), while the High Range is a 10 cm Cassegrain telescope 379 

(minimum and full overlap altitudes: 200 m.a.s.l. and 500 m.a.s.l., respectively). Low and high 380 

range 532 nm backscatter signals are merged following the LICEL procedures (Mielke 2005). 381 
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Four analog channels are dedicated to total and parallel polarization of 532 nm elastic signals. 382 

Finally, the Infrared (IR) receiver is a 10 cm Cassegrain telescope (minimum and full overlap 383 

altitudes: 250 m.a.s.l. and 400 m.a.s.l., respectively) used for the total elastic backscattering at 384 

1064 nm, acquired by an analog TR20 channel. The TR20 device permits a vertical resolution 385 

of 7.5 m and a user-defined time resolution of 10 s. The delay between the laser pulse emission 386 

and the zero-bin of the profile recorded by every TR20 has been measured following the 387 

procedure suggested in Freudenthaler et al. (2018) and corrected during the inversion 388 

procedure. 389 

LIDAR measurements are collected in connection to overpasses of selected satellites within 390 

150 km from the APL location. Further measurement sessions can be scheduled based on 391 

calibration/scientific needs. Typically, acquisitions start in the morning until mid-late 392 

afternoon. 393 

The basic inversion procedure for inferring the vertical profile of aerosol volume 394 

backscatter and extinction coefficient at 355, 532, 1064 nm is the Klett-modified iterative 395 

procedure, assuming an extinction-to-backscattering ratio (Lidar Ratio, LR) that is constant 396 

with altitude (Di Girolamo et al. 1999). The molecular signal needed in the retrieval process is 397 

calculated from temperature and pressure profiles measured by radiosondes launched at Pratica 398 

di Mare (Lat. 41.65, Long. 12.43, about 25 km south of APL). Note that Pratica di Mare is a 399 

coastal site while APL is fully embedded in the urban canopy of the city of Rome. This implies 400 

that radiosounding information on boundary layer cannot be directly used in synergy with 401 

BAQUNIN data. However, the free tropospheric portion of the radiosonde profiles are 402 

routinely used for the calibration of the MLW-LIDAR aerosol products. The 355 nm signal 403 

retrieval employs the ratio between UV and N2 Raman profiles, to extract information below 404 

the total overlap altitude as in Ansmann et al. (1992). The LR value is imposed according to 405 

the predominant aerosol type inferred by the back-trajectory study from literature. Cattrall et 406 
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al. (2005) suggested values for 1064 nm (37±6 sr and 35±5 sr for urban and dust), and 532 nm 407 

(71±10 sr and 42±4 sr for urban and dust), while Muller et al. (2007) proposed 58±12 sr for 408 

urban aerosols and 55±6 sr for dust at 355 nm. In fair weather, the BAQUNIN’s photometers 409 

(Cimel-CE318 and Prede-POM) provide independent measurements of aerosol LR at different 410 

wavelengths. When available, these values are used in the inversion process, together with their 411 

associated uncertainty, to better estimate backscatter and extinction coefficient profiles. The 412 

LIDAR signal depolarization is a useful tool for the study of the thermodynamic phase of 413 

aerosol and cloud particles. In the MWL LIDAR, the retrieval of the aerosol volume 414 

depolarization ratio is obtained using the 532 nm total and parallel-polarized signal at short and 415 

far range. The equipment for automatic calibration using the 45° method, described in 416 

Freudenthaler et al. (2018), is installed only on the 532 nm high range receiver. The duplication 417 

and installation of the same apparatus on the low-range receiver is planned. When signal noise 418 

is low enough, the extinction coefficient and LR can be calculated using the Raman N2 signal 419 

as in Ansmann et al. (1992). 420 

SODAR description 421 

The APL three-axis Doppler SODAR has been operational since 1990. Currently, the 422 

instrument is in monostatic configuration with a pulse repetition rate of 3 seconds. The three 423 

antennas simultaneously emit 0.1 s long acoustic bursts at the sound frequencies of 2750, 3000, 424 

and 3250 Hz. Two of them are 20° tilted from the zenith, while the third is aligned vertically. 425 

The pointing azimuth angles for the two tilted antennas are 60° and 330° with respect to north. 426 

In this configuration, the overlap of the three antenna beams is avoided and the instrument can 427 

provide the vertical profile of both the atmospheric thermal turbulence and the horizontal wind 428 

speed and direction (along with the vertical wind speed and its standard deviation) up to a 429 

maximum probing altitude of 518 m.a.s.l. with a vertical resolution of 4.5 m and 18.2 m, 430 

respectively. Wind velocities are obtained via a Doppler analysis following the two-step 431 
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procedure described in Mastrantonio and Fiocco (1982), which permits to determine the three-432 

antenna radial velocities with a precision of 0.1 m/s. More details about the description of APL 433 

SODAR electronic components and signal processing techniques can be found in Mastrantonio 434 

et al. (1994). The echo intensity measured by the vertical antenna provides a picture of the 435 

atmospheric structure, including peculiar features such as thermal plumes, nocturnal 436 

inversions, waves, and fronts. During the past two decades, the APL SODAR has been used to 437 

characterize the UBL (Rao et al. 2004), also in synergy with other remote sensing devices (Rao 438 

et al. 2002) and with mesoscale numerical simulations (Pichelli et al. 2014). 439 

WRF setup description 440 

The BAQUNIN measurements are accompanied and supported by numerical forecasts of 441 

the relevant meteorological fields, obtained by running the WRF model (WRF-ARW, Version 442 

3.9.1). The model domain includes Rome, the Tiber’s valley, and its suburban areas in central 443 

Italy (central latitude: 42.20; central longitude: 12.75). It uses a three two-way nested domains 444 

configuration, with grid resolution ranging from 9 km, to 3 km, to 1 km, corresponding to 445 

108×108, 106×106 and 106×106 grid points, respectively. Forty unevenly spaced vertical 446 

levels (from ~30m to 21000 m) are used for all domains, up to a maximum height of 50 hPa. 447 

Vertical resolution is highest in the lower atmosphere.  448 

As a baseline, the time resolution of WRF output is 15 minutes, with the possibility to 449 

increase/decrease it depending on the application needs. The WRF output include 36 hours of 450 

forecast. The simulations start automatically at 04:00 UTC of the current day using the 00:00 451 

UTC 0.25 Global Forecast System (GFS) forecast, provided by the National Centers for 452 

Environmental Prediction (NCEP) at National Oceanic and Atmospheric Administration 453 

(NOAA), from 00h to +36h as the initial and boundary conditions The downscaled WRF 454 

forecasts are used to investigate the role of advection/transport of aerosols and trace gases in 455 

the BAQUNIN research area. The extraction of relevant parameter profiles and surface values 456 
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for the APL, ISAC, IIA sites (e.g., wind, temperature, and humidity) is also performed 457 

automatically as soon as the forecasts are produced and promptly made available to the 458 

community via web services. The calculation of forward/backward trajectories is performed 459 

for the BAQUNIN sites for specific cases, e.g., during the unfortunately frequent occurrence 460 

of wild or industrial fires in the proximity of Rome. 461 

Products and dissemination 462 

Table 2 summarizes the atmospheric products retrieved in the framework of BAQUNIN 463 

activities. For each variable, the measuring instrument, the references for the retrieval 464 

algorithm, the accuracy (when available), and the data availability are provided. Updates of the 465 

product list, as well as additional information about the instruments, can be found on the 466 

BAQUNIN website (www.baqunin.eu). 467 

The retrieved parameters can be grouped into three categories: gas, aerosol, and 468 

meteorology. The currently retrieved gases are O3, NO2, and water vapor, using different 469 

measurement geometry: direct-sun and zenith-sky measurement for total column (TC) 470 

amounts, and diffuse radiance sun measurements for surface and tropospheric (Surf and Trop) 471 

amounts. The columnar aerosol parameters are obtained in direct-sun, principal plane, and 472 

almucantar geometries. These are aerosol optical depth (AOD), Angstrom exponent (AE), 473 

scattering and absorption Angstrom exponent (SAE & AAE), single scattering albedo (SSA), 474 

volume size distribution (VSD), real and imaginary part of refractive index (Refr. Index), and 475 

phase function (PF). The aerosol backscattering and extinction (AerBack and AerExt) profiles 476 

are also provided. The meteorological parameters, mainly obtained using in situ instruments, 477 

are surface and dew point air temperature (T, DP), relative humidity (RH), atmospheric 478 

pressure (P), rainfall intensity (RI), wind speed (U) and direction (θ). The vertical profiles of 479 

the last two parameters are retrieved using the SODAR. Finally, the hemispherical radiance 480 
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(H) and the ultraviolet spectra are obtained from downward radiation measurements and are 481 

used to determine the ultraviolet dose and index (UVD and UVI, respectively). 482 

Because the BAQUNIN suite of products is produced by a variety of instruments and 483 

processing chains, some differences in the native data formats, naming conventions and 484 

physical units of the observed parameters may occur. Thus, a substantial effort is put into the 485 

harmonization of all BAQUNIN data, converting all native datasets into NetCDF file format, 486 

and, when applicable and feasible, following the GEOMS standards for atmospheric products 487 

for the formatted meta-data.   488 

The BAQUNIN data are collected in centralized storage located at APL. The hardware 489 

infrastructure consists of storage arrays configured to ensure both dynamic data redundancy 490 

and data interactive access. The stored files include the raw files that are saved by the 491 

acquisition software, all ancillary files required for the processing chain and the monitoring of 492 

the instruments during the acquisition, and the files created in the subsequent phases of data 493 

analysis. 494 

The final products are disseminated through three main platforms available to the users: (i) 495 

international networks, in the native formats; (ii) BAQUNIN website, in NetCDF format 496 

(http://www.baqunin.eu); and (iii) ESA Atmospheric Validation Data Center (EVDC, 497 

https://evdc.esa.int), in the GEOMS formats. EVDC is a central, long-term repository in Europe 498 

for archiving and exchange of correlative data for validation of atmospheric composition 499 

products from satellite platforms. 500 

As the BAQUNIN products also provide useful information for improving the quality of 501 

everyday life, the dissemination of products not only reaches the scientific community, but also 502 

the general public. In fact, BAQUNIN produces useful information for both policy makers and 503 

population, communicating in a simple and immediate way to citizens the state of air pollution 504 
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in several areas, so that they are aware of the air quality they are breathing, in terms of presence 505 

of gaseous contaminants and aerosols, also providing information on past, present, and near-506 

future weather conditions. 507 

Furthermore, BAQUNIN activities can significantly contribute to the third mission of the 508 

University of Rome (https://www.uniroma1.it/it/pagina/terza-missione), i.e., seeking to 509 

generate knowledge outside academic environments to the benefit of social, cultural, and 510 

economic development. 511 

 512 

BAQUNIN research lines 513 

The main research activities currently carried out at BAQUNIN are: 514 

● the physical interpretation of data collected by numerous remote sensing instruments, 515 

operating in synergy, to obtain information about air quality (e.g., aerosol, NO2, O3, 516 

Sulphur dioxide, formaldehyde, and water vapor); 517 

● the investigation of meteorological processes occurring in the PBL, in terms of surface 518 

meteorological parameters, low-level wind, and turbulence intensity, daily evolution of 519 

the PBL structure, hemispherical solar radiation, and tropospheric clouds observation; 520 

● micro- and local- scale analyses of atmospheric dynamic phenomena, such as sea/land 521 

breeze regime, UHI, and severe events with the comparison between urban and non-522 

urban conditions; 523 

● the study of the effects of medium and long-range aerosol transport on the atmospheric 524 

composition and the physical/optical aerosols properties; 525 

● the design and development of LIDAR systems and algorithms for the investigation of 526 

aerosols and water vapor; 527 
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● algorithms development for retrieval of additional products not foreseen by the software 528 

supplied with the instruments; 529 

● serving as an inter-comparison site for remote sensing instruments belonging to national 530 

and international networks; 531 

● satellite Cal/Val activities in urban, semi-rural, and rural environments. 532 

In addition to the above research activities, the BAQUNIN consortium actively participates in 533 

the design and organization of measurement campaigns, and is part of several projects, in 534 

collaboration with several international and national research institutes, such as: 535 

● EMeRGe  - Effect of Megacities on the Transport and Transformation of Pollutants on 536 

the Regional to Global Scales (http://www.iup.uni-537 

bremen.de/emerge/home/home.html);  538 

● VIEPI - integrated evaluation of indoor particulate exposure (Pelliccioni et al. 2020); 539 

● QUATRAM  - QUAlity and TRaceabiliy of Atmospheric aerosol Measurements 540 

(http://www.euroskyrad.net/quatram.html, Campanelli et al. 2018); 541 

● MAPP - Metrology for Aerosol Optical Properties 542 

(https://www.pmodwrc.ch/en/MAPP/);  543 

● SBAM  - Seagull Borne Atmospheric Measurements;  544 

● CONCERNING - Compact Raman Lidar for Atmospheric CO2 and Thermodynamic 545 

profiling. 546 

Finally, BAQUNIN offers hospitality to scientists at its observatory sites, providing an 547 

opportunity to place additional instruments managed by other research institutes. 548 

Exploitation of the BAQUNIN products: a practical example 549 
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As an example of the BAQUNIN monitoring capability, we show the observations carried 550 

out on 11 December 2018, in coincidence with a large fire that broke out overnight at a 551 

mechanical-biological waste treatment facility (Lat. 41.97, Long. 12.51, 18 m.a.s.l., 552 

hereinafter, TMB) managed by the municipal waste management company (Fig. 5a). The fire 553 

affected a 2000 m2 waste-collection center located in the northern part of the city, producing 554 

thick smoke that could be smelled even in the city center. The city council advised people in 555 

the area to keep their windows closed and refrain from outdoor activities. Amongst the large 556 

number of substances released into the atmosphere during the waste combustion, our analysis 557 

is focused on the aerosol and NO2 observed at the APL site. Figure 5b shows the map of 558 

dimensionless smoke concentration superimposed to the wind field at 150 m.a.s.l., as obtained 559 

by the WRF simulation at 10:00 UTC. Starting from the TMB location, the plume produced by 560 

the fire appears to be transported towards the city center by the near-surface atmospheric 561 

circulation, hitting partially the APL station. In correspondence with the transit of the smoke 562 

plume above the city, the values of aerosol size distribution retrieved from Prede-POM 563 

observations (Fig. 5c) showed a strong increase of coarse particles (radius greater than 5 μm) 564 

at 9:56 UTC, probably related to the arrival of ash, followed (10:02 UTC) by an increase of the 565 

fine mode, associated with the arrival of smaller particles typical of fire plumes, and then 566 

presumably by a second peak of ash at 10:32 UTC. A sudden increase in the low-altitude 567 

aerosol content was detected by the APL MLW LIDAR from 09:45 UTC to 11:00 UTC (Fig. 568 

5d). At the same time, the 500nm-AOD measured by Cimel-CE318 and Prede-POM sun-569 

photometers increases from 0.02 to more than 0.15 (Fig. 5e).  570 

The evolution of the NO2 tropospheric columnar content, observed by Pandora-2S on the 571 

day of the fire, is shown in Figure 5f, together with the reference diurnal cycle obtained by the 572 

monthly-averaged Pandora-2S data during the period 2016-2019. The morning increase - larger 573 

than 1 standard deviation with respect to the reference values - suggests that the TMB fire 574 
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injected a relevant quantity of NO2 in the troposphere, even if only a negligible amount reached 575 

the surface, since the air quality monitoring network operated by ARPA Lazio in the city center 576 

did not detect any anomaly in the concentrations. The measurements carried out by the 577 

BAQUNIN suite of instruments therefore appear to be capable of providing useful information 578 

to anticipate deposition episodes well before they are detected by surface stations. 579 

Conclusions and perspectives 580 

Thanks to the geographical distribution of its stations and to the wide range of instruments 581 

available, the BAQUNIN observatory represents a urban supersite that is suitable for the 582 

advanced study of the atmospheric circulation, the physical and optical properties of aerosols 583 

and gases, and the validation of new satellite products.  584 

The BAQUNIN setup, both as the strategic geographic position of observation sites in 585 

environments with different levels of urbanization and as availability of outputs covering 586 

different aspects of the atmospheric characterization, could be exported to other cities for the 587 

in-depth study of PBL and air quality. 588 

Plans to expand the number of measurement sites hosting BAQUNIN instruments are in 589 

the early stages of development, taking into consideration other strategic locations that can be 590 

used as a reference point and/or background for the study of pollution and for the 591 

characterization of medium- and long-range aerosol advection, as well as for the Cal/Val of 592 

satellite products in environmental conditions (e.g., surface reflectance, land coverage, and 593 

orography). 594 

The number of instruments managed in the BAQUNIN framework is constantly increasing, 595 

aiming at filling current measurement gaps. In particular, the upgrade of instruments is already 596 

planned to allow measuring the atmospheric content of aerosols also at nighttime, such as the 597 

addition of a Prede-POM for moon measurements. Moon measurements with the Brewer are 598 
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also foreseen, to provide O3 and NO2 TC nighttime amounts and, possibly, AOD. New 599 

products, such as cloud top/bottom from MLW LIDAR and cloud fraction from all-sky 600 

cameras, are also under development and will be released shortly. Furthermore, the installation 601 

of instruments capable of filling the current lack of observations (e.g., vertical profile of 602 

temperature and CO2, vertical profiles of wind velocity at higher altitudes, aerosol chemistry, 603 

and surface absorbent/diffusing properties of the aerosols, among others) is being evaluated. 604 

The atmospheric dispersion and the role of atmospheric stability on the short-term transport of 605 

a continuous-release passive scalar plume in three different convective boundary layer regimes 606 

will be investigated numerically, by conducting WRF simulations on specific known cases of 607 

pollution leaks caused by fire incidents. 608 

The availability of long time series will permit to investigate the intensity of UHI and UPI, 609 

how their strength and frequency vary over time, also developing possible mitigation scenarios 610 

employing nature-based solutions. 611 

Furthermore, BAQUNIN represents an optimal opportunity for testing synergistic retrieval 612 

approaches, thanks to the exploitation of the complex instrumental suite. The policy of free 613 

products dissemination indeed constitutes a model to be exported and replicated at other 614 

observatories. 615 

BAQUNIN encourages researchers to participate in projects, field campaigns, and 616 

collaborations or to propose new lines of research. Furthermore, the APL site can host 617 

instruments belonging to other national and international research entities for intensive 618 

measurement campaigns or for long-term studies. The BAQUNIN consortium plans to 619 

continue and expand collaborations with universities, government agencies, and research 620 

institutions. 621 
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TABLES 831 

Table 1: Brief description of the commercial instruments belonging to BAQUNIN 832 

observatory, the manufactory, the network’s web addresses, and the sites where they are 833 

currently installed. 834 

Instrument description Site 

Ceilometer Raymetrics Aerosol Profiler (RAP).  Automated eye-safe infrared elastic LIDAR. Emitting 
source: a diode-pumped Nd: YAG laser with wavelength 1064 nm, pulse energy 30μJ, and repetition rate 5 
kHz. Receiver: Cassegrain telescope, diameter 200 mm and Avalanche PhotoDiode (APD) detector. Full 
overlap range altitude 250 m, vertical range resolution 7.5 m, raw signal range 14 km. 
Raymetrics, Athens, Greece https://raymetrics.com/ 

APL 

Prede-POM radiometer. Narrow-band filter photometer performing measurements of direct solar and 
diffuse sky irradiances at several scattering angles in the almucantar and principal plane geometries, at 
selected wavelengths in the range 315 - 2200 nm. 
Prede Co. Ltd., Tokyo, Japan  https://www.prede.com/english/index.htm 
NETWORK: https://www.euroskyrad.net/  

APL 

Cimel-CE318. Photometer performing direct solar irradiance and sky (radiance) observations for selected 
wavelengths between 340 and 1640 nm. 
Cimel Electronique, Paris, France https://www.cimel.fr/  
NETWORK: https://aeronet.gsfc.nasa.gov/  

APL 

Pandora-2S. Dual spectrometer system taking measurements in the spectral range 290-900 nm using two 
spectrometers with a resolution of 0.6 nm. The system can perform direct sun, zenith sky, principal plane, 
or almucantar observations with a 0.01° pointing precision. 
SciGlob Instruments and Services, Elkridge, USA https://www.sciglob.com/  
NETWORK: https://www.pandonia-global-network.org/ 

APL 
ISAC 
IIA 

Brewer MKIV. Single-monochromator spectrophotometer to measure global spectral UV irradiance 
(range 290-325 nm at 0.5 nm step), and to retrieve, from direct-sun and zenith-sky solar radiation, O3, and 
Sulphur dioxide (at specific wavelengths in the UV between 310 and 320 nm), and NO2 (at specific 
wavelengths in the visible range between 425 and 453 nm). 
Kipp & Zonen, Delft, The Netherlands http://kippzonen-brewer.com/ 
NETWORK: www. rbcce.aemet.es/eubrewnet org,  www.woudc.org 

APL 

Pyranometer, Hukseflux SR11. High accuracy actinometer measuring solar radiation in the 285 – 3000 
nm spectral range. 
Hukseflux Thermal Sensor Company, Delft, Netherlands  https://www.hukseflux.com/  

APL 

Meteorological station OMD, Vaisala, WXT520. The station provides measurements of relative 
humidity, temperature, wind speed, and wind direction. 
Vaisala, Helsinki, Finland https://www.vaisala.com/en  
NETWORK: https://www.fondazioneomd.it/   

APL 

Meteorological station SCO, Davis Vue 6357. The station provides measurements of temperature, rain, 
dewpoint, pressure, wind speed, wind direction, and UV index. Davis Instruments Corporation, Hayward, 
USA https://www.davisinstruments.com/  
NETWORK: https://www.sardegna-clima.it/  

APL 

Microbarometer, Vaisala PTB200A. Fully compensated digital barometer designed to operate over wide 
pressure and temperature range. Resolution 0.01 hPa. 
Vaisala, Helsinki, Finland https://www.vaisala.com/en 

APL 
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Table 2: List of products supplied by BAQUNIN. 835 

Product Instrument References Data availability 
GASES 

O3 TC Brewer Siani et al. 2018 1992-today 
NO2 Surf, NO2 Trop 
NO2 TC 

Pandora-2S Herman et al. 2015 2016-today 
Brewer Diémoz et al. 2021 1996-2017 

H2O TC Cimel-CE318 Berezin et al. 2017 2017-today 
AEROSOL 

AOD, AE 

Cimel-CE318 Giles et al. 2019 2017-today 
Prede-POM Nakajima et al. 2020 2010-today 

LIDAR (MWL & RAP) Klett 1985 2016-today 

AerBack, AerExt 
profiles LIDAR 

Klett 1985 
 2016-today 

SAE, AAE Cimel-CE318 Klett 1985 2017-today 
SSA, VSD, Refr. 
Index, PF 

Cimel-CE318 Giles et al. 2019 2017-today 
Prede-POM Kudo et al. 2021 2010-today 

METEO 

H Pyranometer Azouzoute et al. 2019 2018-today 

UVI, UVD 
 

Brewer 
Meteorological Station 
SCO 

Fountoulakis et al. 2021 1996-today 

Profiles of U and θ SODAR 
Mastrantonio and Fiocco 
1982 

2007-2010, 
2017-today 

Surface 
measurements: U, θ, 
T, RH 

Meteorological Station 
SCO & OMD 

n.a. 2019-today 

P Microbarometer 

https://www.vaisala.com/sit
es/default/files/documents/
PTB200_User_Guide_in_E
nglish.pdf 

2020-today 

RI, DP Meteorological Station 
SCO 

n.a. 2020-today 
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FIGURES 836 

Figure 1: BAQUNIN sites locations: urban (SAPIENZA-APL), semi-rural (CNR-ISAC), and 837 

rural (CNR-IIA). Colors depict the Shuttle Radar Topography Mission (STRM) digital 838 

elevation model in log-scale.  The black lines represent the 100 m evenly spaced contour 839 

lines. 840 
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 Figure 2: Seasonal wind roses for 2019 computed for APL (top), ISAC (middle), and IIA 841 

(down). The columns show the wind roses for spring, summer, autumn, and winter, 842 

respectively. The colors depict the horizontal wind intensity in m/s. 843 
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Figure 3: Weekly temporal variations of (a) air temperature (T), (b) absolute humidity 844 

(AH), and (c) total precipitations (TP) for the year 2019 for APL (blue dots), ISAC (red 845 

squares), and IIA (green triangles). The shaded areas in panels a and b show the daily 846 

minimum and maximum values of T and AH, numbers in panel (c) depict the number of 847 

rainy days. 848 
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 849 

Figure 4: Weekly temporal variations of in situ concentrations of (a) NO2, and (b) O3 for 850 

the year 2019 for APL (blue dots) and IIA (green triangles). 851 

  852 
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Figure 5: (a) plume generated by the fire at the TMB plant on 11 December 2018, (b) 853 

WRF dimensionless smoke concentration and wind field (150 m.a.s.l.) at 10:00 UTC, (c) 854 

volume size distribution from Prede-POM, (d) logarithm of the range- and overlap-corrected 855 

backscatter at 1064 nm from the  LIDAR, (e) AOD at 500 nm retrieved from Cimel-CE318 856 

(green dots) and Prede-POM (blue dots), (f) NO2 tropospheric amount (red dotted line) with 857 

its standard deviation (red shaded area) compared to the 2016-2019 reference period (blue 858 

line) with its standard deviation (shaded blue area). 859 
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