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Abstract. Elevated surface concentrations of nitrogen dioxide (NOy) are associated with poor air quality, making its detection
and monitoring important for human health and the environment. Existing instruments such as the TROPOMI satellite currently
deliver daily global maps of NOs tropospheric columns, and the future Sentinel—4 instrument will return hourly maps. While
areas of strong concentrations (cities, large industries) can be detected in these satellite observations, their spatio-temporal
resolution remains too coarse to capture local hot spots and quick variations.

In the context of urban air quality monitoring, we present a new type of remote sensing instrument capable of observing
spatial and temporal gradients in the NO, field which is not currently possible with either space instruments or from the rou-
tine operations of conventional diffraction grating and other ground-based remote sensing instruments. This novel instrument
is based on an acousto-optical tunable filter (AOTF) located at the heart of a telecentric imaging system. The instrument ac-
quires spectral images in the region 430—455 nm, where NOs exhibits strong absorption features. A dense spectral sampling
was commanded in order to enable the application of the DOAS method (differential optical absorption spectroscopy) in the
processing of the spectra measured by each detector pixel.

In March 2024, the instrument was deployed at the BAQUNIN supersite for atmospheric research, located in the center of
Rome. In order to validate the NO5 camera measurements, coincident acquisitions by a MAX-DOAS and a Pandora spectrom-
eter were performed. The results show very good agreement among the three instruments. They also illustrate the additional

capabilities of the NO5 camera in observing the spatial and temporal variability of the urban NOs field.
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1 Introduction

Humans are directly exposed to the chemical composition of Earth’s boundary layer, the lowest part of the troposphere where
emissions from the surface are mixing. In that layer, the nitrogen oxides (NOy) family is made of nitrogen oxide (NO) and
nitrogen dioxide (NOs), the former being primarily released in combustion processes (both natural or anthropogenic) while
the latter is produced by reaction of NO with ozone (O3) or hydroperoxy radical (HO5). Through photolysis, NO> can be
converted back into NO, such that a photochemical equilibrium persists most of the day. Among other effects, high levels
of NO, are associated with poor air quality, given the role of the molecule in the advent of photochemical smog episodes
(Seinfeld and Pandis, 2006).

Of these NOy compounds, nitrogen dioxide (NOy) is the most important for human health (World Health Organization,
2021). There is scientific evidence that chronic exposure to NO2 can cause emphysema (Last et al., 1994) and that, together
with ozone, it increases oxidative stress in the small airways within the lungs (Morrow, 1984). Long-term exposure to ambient
NOs is found to be correlated with increased mortality (Chen et al., 2024; Huangfu and Atkinson, 2020).

This negative influence on human health prompted the World Health Organization (WHO) to release Air Quality Guidelines,
updated in 2021, and more recently translated into a European law (Directive 2022/0347). While European Union Member
States are required to deploy air sampling stations, with some guidelines on the number of stations and their location, the
Directive fails to address the problem of the large variation of exposure by citizens living in different neighborhoods of close
proximity. Such large differences have been observed in citizen science projects, such as the CurieuzenAir/CurieuzeNeuzen
experiment, in which thousands of sampling flasks have been deployed in both Brussels (Lauriks et al., 2022) and Flanders
(De Craemer et al., 2020). The WHO identifies this inadequate monitoring of spatial variations in the concentration of pollutants
such as NOs as one of the main gaps in the global coverage of air pollution monitoring (World Health Organization, 2021).
These spatial and temporal differences are especially pronounced in urban environments.

In recent years, several new remote sensing instruments have been developed that attempt to capture this variability of the
NO:s field with a high spatial and temporal resolution. These instruments work in the UV-visible wavelength range, where NO,
is a strong absorber. Many consisted in grating instruments, whose field of view is steered mechanically (Manago et al., 2018;
Peters et al., 2019; Mettepenningen et al., 2024). Retaining all the strengths of the differential optical absorption spectroscopy
(DOAS) technique (Platt and Stutz, 2008), the images are constructed slice by slice, which is subject to artifacts in case of
a dynamic scene. One prototype of a native NO5 imaging instrument relied on the gas correlation technique (Kuhn et al.,
2022) but was only tested on large point source plumes. Another concept studied the potential of a Fabry-Pérot interferometer-
based polychromatic imaging system for atmospheric trace gases remote sensing, including NOo, with an elaborated use of
the periodic structures of the species cross sections (Kuhn et al., 2019). To our knowledge, no real-world application has been
realized yet.

An acousto-optical tunable filter (AOTF)-based instrument produced high spatio-temporal maps of NOs in the plume re-

leased by a thermal power plant (Dekemper et al., 2016). While the concept requires sweeping over wavelengths, it is a native
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imaging system with relatively high spatial resolution compared to other techniques. This paper discusses the improvements

made to this instrument, and demonstrates its capability to make quantitative measurements of the NOs field.

2 The improved AOTF-based NO, camera

The AOTF-based NO> camera concept stems from the ALTIUS instrument, an ESA satellite mission for the monitoring of
the stratospheric O3 layer which relies on the acquisition of spectral images of the atmospheric limb at selected wavelengths
(Fussen et al., 2019). As part of the ALTIUS mission pre-developments, a proof-of-concept optical breadboard of its VIS
channel was produced and tested in the laboratory. Although not meant to leave the laboratory, its potential for imaging NO4
plumes was recognized and tested during the AROMAT-II campaign (Merlaud et al., 2020). That version of the instrument as
well as the results of the campaign were fully described in (Dekemper et al., 2016).

The instrument being reported here is an improved version of the original breadboard in almost every aspect, from basic pa-
rameters such as reduced size and mass, to its improved optical performance and acquisition software (see Section 2.1). Its raw
data remain monochromatic images stacked in hypercubes. During the AROMAT campain operations, only four wavelengths
were acquired. In Rome, routine operations included wavelengths between 427 and 454.9 nm, sampled every 0.15 nm. Further
details of the wavelength sampling are described later in Section 4. This allows to apply a DOAS algorithm and achieve higher
accuracy.

In Section 2.1, we describe the instrument, its operating scheme, and the raw data it produces. Sections 2.2 and 2.3 discuss
the spectral response function of the instrument and the data acquisition respectively. Then, in Section 2.4, we discuss the main
differences between this instrument and the conventional diffraction grating-based spectrometers which are currently used to

monitor the field of NO, as part of operational networks.
2.1 Instrument description

The fundamental instrumental concept described in (Dekemper et al., 2012) and (Dekemper et al., 2016) has been kept: a
telecentric front-end module captures the light and sends it on to the AOTF. Upon crossing the crystal, a narrow band of the
incident light spectrum experiences a coupling with the acoustic beam created in the crystal by a piezo-electric transducer.
The acousto-optic interaction diffracts the selected part of the spectrum into another direction, such that two beams leave
the AOTF: one containing photons of the same energy (the monochromatic beam), and the other containing the rest of the
spectrum (the white beam). The back-end optics only captures the diffracted beam, which forms the monochromatic image on
the detector. The selection of another wavelength happens by tuning the acoustic wave frequency. Fig. 1 shows a picture of the
optomechanical system. The fundamental physics of acousto-optic interaction in birefringent crystals is described in (Harris
and Wallace, 1969; Chang, 1974). Further details on telecentric systems using AOTFs can be found in, e.g. (Suhre et al., 2004),
and a discussion on the optimization of AOTF parameters used for spectral imaging applications is provided in (Voloshinov
et al., 2007).






