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Abstract: The detection and evaluation of biomass burning and dust events are critical for understand-
ing their impact on air quality, climate, and human health, particularly in the Mediterranean region.
This research pioneers an innovative methodology that uses Sentinel-2 multispectral (MS) imagery to
meticulously pinpoint and analyze long-transport dust outbreaks and biomass burning phenomena,
originating both locally and transported from remote areas. We developed the dust/biomass burning
(DBB) composite normalized differential index, a tool that identifies clear, dusty, and biomass burning
scenarios in the selected region. The DBB index jointly employs specific Sentinel-2 bands: B2-B3-B4
for visible light analysis, and B11 and B12 for short-wave infrared (SWIR), exploiting the specificity
of each wavelength to assess the presence of different aerosols. A key feature of the DBB index
is its normalization by the surface reflectance of the scene, which ensures independence from the
underlying texture, such as streets and buildings, for urban areas. The differentiation involves the
comparison of the top-of-atmosphere (TOA) reflectance values from aerosol events with those from
clear-sky reference images, thereby constituting a sort of calibration. The index is tailored for urban
settings, where Sentinel-2 imagery provides a decametric spatial resolution and revisit time of 5 days.
The average values of DBB achieve a 96% match with the coarse-mode aerosol optical depths (AOD),
measured by a local station of the AERONET network of sun-photometers. In future studies, the map
of DBB could be integrated with that achieved from Sentinel-3 images, which offer similar spectral
bands, albeit with much less fine spatial resolution, yet benefit from daily coverage.

Keywords: AERONET; aerosols; atmospheric scattering; Sentinel-2

1. Introduction

Aerosols are tiny short-lived particles suspended in the atmosphere that can originate
from natural sources or human activities. Their various features and impacts have attracted
considerable attention in many scientific disciplines. Recent studies, exemplified in [1],
emphasize the crucial importance of the chemical composition of atmospheric aerosols in
the influence of both health and climate. This influence occurs through processes such as
light scattering and absorption (direct impact), as well as alteration of cloud properties
(indirect impact) and air quality in the boundary layer [2]. Another study [3] explores
the intricate impact of aerosols on precipitation behaviors, demonstrating their ability
to increase or inhibit rainfall, which depends on their levels and functions as nuclei of
cloud condensation. Aerosols also play an important role in the field of solar energy by
influencing the interaction with solar radiation [4]. Their presence in the atmosphere can
affect the efficiency of solar panels by scattering and absorbing solar radiation, which can
reduce the amount of sunlight reaching the solar cells [5].
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Among all different aerosol species, the detection of biomass burning events [6] and
dust outbreaks using multispectral (MS) imagery, particularly in the Mediterranean region,
represents a critical area of remote sensing research, as these events are increasingly influ-
encing air quality. The unique geographic and climatic characteristics of the Mediterranean
make it susceptible to frequent dust events from the Sahara [7] and biomass burning advec-
tions, both of which have significant implications for air quality, climate, and human health.
Furthermore, the Mediterranean region is defined as a “climate hotspot”, where climate
change occurs more rapidly than in other parts of the world [8,9]. During the last decade,
the Sentinel satellites, which are a component of the Copernicus program of the European
Space Agency (ESA), have become crucial for observing these occurrences because of their
sophisticated MS imaging capabilities.

The burning of biomass, such as wildfires and agricultural fires, primarily due to
the clearing of land by land owners [10], injects substantial amounts of aerosols and trace
gases into the atmosphere, affecting both air quality and climate. Sentinel-2, with its high-
resolution MS imager, has been instrumental in detecting and monitoring these events. The
combination of Sentinel-2’s visible, near infrared (NIR), and short-wave infrared (SWIR)
bands enables the differentiation of burned areas from their surroundings, exploiting
the distinct reflectance properties of burned vegetation and soil. For example, in [11] the
authors highlighted the potential of using the Sentinel-2 multi-wavelength sensor to directly
detect severe aerosols burning biomass by incorporating polarization data, significantly
improving detection accuracy [11]. Furthermore, algorithms developed for Sentinel-2 data
have advanced the identification and mapping of burned areas, allowing near-real-time
monitoring of biomass burning events. Techniques that use machine learning and deep
learning approaches have shown promising results in improving the accuracy and efficiency
of the detection and classification of burned areas, as demonstrated in a recent study [12].

Shifting the focus to another major atmospheric issue, dust, primarily from the Sahara,
poses a distinct challenge in aerosol monitoring. It significantly impacts air quality, sunlight
exposure, and ecosystems [7,13,14]. Sentinel-3, equipped with the Ocean and Land Color
Instrument (OLCI) and the Sea and Land Surface Temperature Radiometer (SLSTR), pro-
vides important information for identifying and monitoring dust events. Sentinel-3’s MS
capabilities allow the identification of dust plumes through specific band combinations and
indices, such as the Dust Index or the Normalized Difference Dust Index (NDDI), which
take advantage of the distinct spectral signatures of dust in the atmosphere [15]. However,
the spatial resolution of Sentinel-3 is insufficient for studies in urban settings.

Additional research incorporates a combination of various remote sensing methods:
data from operational lidar and sun-photometer networks together with Sentinel data
are used to study Saharan dust and biomass burning aerosols during the post-hurricane
Ophelia, demonstrating the synergistic benefits of satellite and terrestrial observations in
tracking aerosols [16]. Similarly, ref. [17] shows that the combined use of ceilometers, sun-
photometers, and MS images effectively identifies events of burning of dust and biomass.
Moreover, lidar technology alone is capable of differentiating various types of aerosols in
an urban environment [18]. Despite these advances, challenges remain [19], particularly in
urban settings where high spatial resolution is essential for street-level detection.

In Table 1, the different MS satellite instruments used during the last two decades to
retrieve AOD are summarized, with their main technical characteristics. The primary MS
sensors used to retrieve the optical depth of the aerosol and detect dust outbreaks differ
in terms of spatial resolution, revisit time, and spectral coverage. MODIS offers moderate
spatial resolution (250 m to 1 km) with daily revisit times, covering a wide spectral range
that extends up to 14,385 nm, enabling comprehensive atmospheric studies. MISR, with a
spatial resolution of 275 m–1.1 km, revisits every 9 days and focuses on narrow bandwidths
in (443, 866) nm. VIIRS, onboard three satellites, provides a less than daily revisit time,
with spatial resolution (375–750 m) comparable to MODIS, spanning a spectral range of
412 nm to 12,000 nm, allowing for detailed aerosol detection. OMI, though limited in spatial
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resolution at 13 km ⇥ 24 km, offers daily revisits and focuses on ultraviolet-to-visible light
ranges (264 nm to 504 nm), ideal for atmospheric trace gas analysis.

Table 1. Comparison of MS sensors with orbit characteristics. SS = sun-synchronous near-polar orbit.

Sensor(s)/Platform(s) Spatial Resolution Revisit Time Spectral Coverage Orbit Refs.

MODIS/Terra & Aqua 250 m/500 m/1 km Daily 405–14,385 nm SS at ⇠705 km [20]

MISR/Terra 275 m–1.1 km 9 days 443–866 nm SS at ⇠705 km [21]

VIIRS/Suomi NPP & NOAA 20 & 21 375–750 m 14 h 412–12,000 nm SS at ⇠830 km [20,22]

OMI/Aura 13 km ⇥ 24 km Daily 264–504 nm SS at ⇠705 km [23]

MSI/Sentinel-2 A & B 10 m/20 m/60 m 5 days 429–2280 nm SS at ⇠786 km [22]

OLCI & SLSTR/Sentinel-3 A & B 300 m/500 m/1 km Daily 400–12,000 nm SS at ⇠814 km [22]

TROPOMI/Sentinel-5P 7 km ⇥ 7 km Daily 270–2380 nm SS at ⇠824 km [24]

OLI & OLI 2/LandSat 8 & 9 15 m/30 m/100 m 16 days 400–12,500 nm SS at ⇠705 km [20]

AIRS/Aqua 13.5 km Daily 3700–15,400 nm SS at ⇠705 km [24]

Sentinel-2 constitutes a pivotal Earth observation (EO) project within the Copernicus
program of ESA [25]. It incorporates two polar orbiting satellites, Sentinel-2A and Sentinel-
2B [26]. Each satellite is equipped with an MS instrument (MSI) that captures 13 spectral
bands almost embracing the solar spectrum over a 290 km orbital swath. The frequency
of revisit is reduced to 5 days when both satellites are in formation. Thanks to their deca-
metric spatial resolution, Sentinel-2 MS images have been used in forest surveillance [27],
assessment of changes in land cover [28], and management of natural disasters [29]. In
recent years, Sentinel-2 imagery has also played a key role in atmospheric studies, as-
sessing both qualitative and quantitative analysis of aerosol and cloud optical properties.
Sentinel-2 stands out for its high spatial resolution and revisit time, making it valuable
for detailed monitoring of aerosols and surface phenomena at urban scales. Its spectral
coverage (429 nm to 2280 nm) allows advanced vegetation and atmospheric studies to
be accomplished, and surpasses many other sensors in terms of versatility and spatial
detail. The twin satellites are providing valuable information on the optical properties of
atmospheric constituents which are crucial to understanding air quality [30]. MS images
also help study the characteristics of clouds, supporting the evaluation of their optical
properties and radiative effects, which are essential for climate modeling [31].

Sentinel-3 complements Sentinel-2 with moderate resolution (300 m for the visible-NIR
(V-NIR) OLCI instrument, 500 m and 1 km for the SLSTR instrument in the V-NIR/SWIR
and thermal IR (TIR), respectively) but a broader spectral range (400–12,000 nm) for com-
prehensive ocean and land monitoring. Sentinel-5P focuses on atmospheric composition,
offering daily revisits at a spatial resolution of 7 km ⇥ 7 km with a spectral range in
270–2380 nm. The Landsat family, with its extensive archive of 30 m Thematic Mapper (TM)
and Operational Land Imager (OLI) images, offers a unique historical series for EO. Lastly,
AIRS, with its bands embracing the emissive spectrum, excels in profiling atmospheric
temperature and humidity, offering insights into weather patterns and climate. Unique in
this list, it is capable of working with cloudy covers and even nighttime acquisitions.

2. Materials and Methods

2.1. Sentinel-2 Image Products and Formats

The Sentinel-2 twin satellite constellation (Sentinel-2 A/B), provides MS image data in
the V-NIR and SWIR wavelengths, providing global Earth coverage with a 5-day revisit
period [32]. Among the 13 bands of Sentinel-2 A/B, whose layout is shown in Figure 1,
the VNIR bands, specifically B2, B3, B4, and B8, have the highest spatial resolution and
a ground sampling distance of 10 m (GSD). B5, B6, and B7, in the red edge (RE) region,
B11 and B12, in the SWIR region, and B8a, a narrowband near-infrared (NIR) centered at
865 nm, are provided at an intermediate resolution of 20 m GSD. The three lower-resolution
bands available at 60 m GSD, B1, B9, and B10, are less relevant for EO and are used
mainly for atmospheric studies, to recover the content of coastal aerosols, water vapor,
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and cloud ice, respectively. The difference in spatial resolutions is a consequence of the
fundamental trade-off in the design of electro-optical systems between spatial resolution,
spectral resolution, and radiometric sensitivity [33]. Enhancing the resolution of MS data
sets is generally performed thanks to the availability of a panchromatic image, using
multiresolution analysis [34].

Figure 1. Sentinel-2 layout of spectral bands. Each band targets specific features: B1 for aerosols,
B5 to B7 and B8a for vegetation including the red edge, B6, and B8 for broad vegetation analysis,
B9 for water vapor, B10 for cirrus clouds, and B11 and B12 for snow/ice/cloud discrimination and
advanced vegetation status monitoring. The wavelengths range from 400 nm to 2400 nm, with band
widths indicated by the length of colored bars against a scale in meters (m) on the vertical axis.

Remote sensing optical data are available in spectral radiance (radiance normalized
to the width of the spectral interval of the instrument) and reflectance formats. The
reflectance, which is implicitly spectral, ranges in [0, 1] and can be defined as top-of-
atmosphere (TOA) reflectance or as surface reflectance [35]. The former is the surface
spectrum as viewed through the atmosphere by the satellite; it is given by the TOA spectral
radiance rescaled by the TOA spectral irradiance of the Sun. The latter represents the
spectral signature of the imaged surface; its determination requires the estimation, by
parametric modeling and/or measurements, of the upward and downward transmission
coefficients of the atmosphere and of the upward scattered radiance at TOA, a.k.a., the
path radiance [36]. In addition to TOA spectral radiance, which is a level-one product (L1),
the TOA reflectance, the L1C product, is generally available for systems featuring a nadir
acquisition and global Earth coverage, such as Landsat 7 Enhanced Thematic Mapper Plus
(ETM+), LandSat 8-9 Operational Land Imager (OLI), and Sentinel-2 A/B [37]. Surface
reflectance is a level-two product (L2A) and is also distributed for global coverage systems.
Sentinel-2 L1C and L2A products are available free online from ESA.

2.2. AERONET

AERONET, which stands for Aerosol Robotic Network [38], consists of a network of
homogeneous ground-based sun photometers, deployed around the world, established
by the National Aeronautics and Space Administration (NASA) Earth Observation Pro-
gram. Each permanent and temporal observation site is managed by academic institutions
and government organizations. Sun photometers, manufactured by Cimel Electronique,
have played a crucial role in evaluating the properties of aerosols and clouds, largely
because of the reliable and enduring measurements provided by AERONET. Such data
are crucial for synergy with satellite data and for improving the understanding of how
aerosols affect the environment and climate. The AERONET database, freely available at
https://aeronet.gsfc.nasa.gov/ (accessed on 30 April 2024), is open to the public and is
widely used by researchers, government organizations, and various stakeholders around
the world to inform policy development and improve scientific understanding of the Earth
system. Network efficiency comes primarily from the consistency of the tools, measurement

https://aeronet.gsfc.nasa.gov/
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protocols, and data analysis methods used. This ensures that the data and analysis are
reliable and consistent.

AERONET utilizes ground-based sun photometers to spectrally measure the aerosol
optical depth (AOD) at different wavelengths, allowing for the derivation of fine- and
coarse-mode optical depths at a reference wavelength of 500 nm through the aerosol
spectral deconvolution algorithm (SDA). This method distinguishes between the optical
depth of the cloud as the coarse-mode component and the fine-mode AOD [39], even
under mixed cloud-aerosol conditions, allowing analysis of the influence of clouds on
fine-mode AOD enhancements. Studies using AERONET data have revealed significant
seasonal and regional variations in fine-mode AOD enhancements due to factors such as
hygroscopic growth of particles and in-cloud processing, with notable differences observed
across different global regions, including East Asia, North America, and Europe [40].

Further research has focused on the characterization of the aerosol size properties
and their impact on AOD recovery, highlighting the importance of considering both fine
and coarse aerosol modes to understand the aerosol dynamics and their climatic implica-
tions [41]. We use the products of version 3 level 1.5 [42]. Fine- and coarse-mode aerosol
products are essential to evaluate the existence of burning of dust and/or biomass in a
specific area. The retrieval method performs a spectral breakdown of the AOD data to
distinguish between the impacts of fine particles (usually smaller and associated with
human activities or secondary natural aerosols) and coarse particles (typically larger and
originating from primary natural sources such as dust and sea salt). This differentiation is
essential to characterize the type of aerosol present in a specific location.

2.3. Datasets

We have identified three test locations to collect Sentinel-2 L1C and L2A data, with
simultaneous availability of aerosol data from an AERONET ground station. A 148 km2 area
near the city of Potenza, Italy, was selected as the first test site that included the AERONET
sun photometer located at 40.60 ° N, 15.72 ° E, and 770 m elevation. Sentinel-2 L1C and L2A
images—with the lower-resolution bands bicubically resampled at 10 m GSD—acquired
on 6 June 2021, have been collected as a clear-sky reference (AOD < 0.07 measured by
the AERONET ground station). Note that a single clear-sky reference date is required to
calculate the spectral index for aerosol characterization, as described in Section 2.4.2. A
90-km2 portion of the scene is shown in Figure 2, using two color compositions of the
surface reflectance of the reference acquisition, i.e., true color (B4-B3-B2) and false color
(B12-B11-B1). Two other L1C acquisitions over the same area have been downloaded for
testing: one taken on 26 July 2020, to prove the capability of recognizing low aerosol depth,
and the other taken on 10 August 2021 as an example of a moderate Saharan dust aerosol
event. The true and false color compositions are shown in Figures 3 and 4.

A second test site has been considered in a Barcelona metropolitan area, Spain, where
an AERONET station is present at 41.39 ° N, 2.11 ° E and 125 m elevation. We have collected
Sentinel-2 images on a 243 km2 region that includes urban, vegetated, and sea areas. The
clear sky reference acquisition (Figure 5) was taken on 22 May 2020. The other three L1Ca
41.39 ° N, 2.11 °. The same area has been downloaded for testing: the first was taken on
27 May 2020 to prove the capability of recognizing low aerosol depth, the second was taken
on 21 July 2021 as an example of a Saharan dust aerosol event, and the third acquisition
was made on 25 October 2020 corresponding to a biomass burning event. The compositions
of the true and false colors in the same 90 km2 detail are shown in Figures 6 and 7.

The third testing location covers a region of 547 km2 on the northern side of Tenerife
Island (Spain) where an AERONET station is present at 28.47 ° N, 16.25 ° W, and 52 m
elevation. The site was selected as a calibration test in the presence of a severe Saharan dust
storm that occurred on 30 January 2022. Similarly to the other test sites, Figure 8 shows
the surface reflectance of the reference clear-sky acquisition taken on 1 January 2020, while
Figures 9 and 10 illustrate the true and false color compositions of the TOA reflectance, for
a low-AOD acquisition on 14 February 2021 and the dust event on 30 January 2022.
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(a)

(b)

Figure 2. Some 90 km2 portions of B4-B3-B2 (a) and B12-B11-B1 (b) color compositions of Sentinel-2
surface reflectance of the 6 July 2021 Potenza reference acquisition. The yellow circle in (a) indicates
the AERONET instrument position.

(a)

(b)

Figure 3. Some 90 km2 portions of Potenza Sentinel-2 TOA reflectance B4-B3-B2 color compositions:
(a) clear sky, 26 July 2020; (b) dust event, 10 August 2021.
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(a)

(b)

Figure 4. Some 90 km2 portions of Potenza Sentinel-2 TOA reflectance B12-B11-B1 color compositions:
(a) clear sky, 26 July 2020; (b) dust event, 10 August 2021.

(a)

(b)

Figure 5. Some 90 km2 portions of B4-B3-B2 (a) and B12-B11-B1 (b) color compositions of Sentinel-
2 surface reflectance of the 22 May 2020 Barcelona reference acquisition. The yellow circle in
(a) indicates the AERONET instrument position.
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2.4. Aerosol Characterization

2.4.1. Selection of Sentinel-2 Bands
Upon visual examination of L1C images under varying aerosol types and conditions,

it is evident that focusing on specific Sentinel-2 bands is crucial for aerosol characterization,
particularly for distinguishing low AODs, dust aerosol conditions, and biomass burning
events. The coastal (violet) band B1 is moderately useful for detecting dust aerosols, but
not combustion aerosols, being dominated by Rayleigh scattering. The three visible bands
(B2-B3- B4) are fully adequate for both types of aerosols. The SWIR bands, B11 at 1600 nm
and especially B12 at 2200 nm, stand out as particularly advantageous for discriminating
dust aerosols from biomass burning. Figures 6 and 7 for the Barcelona site show a departure
from clear sky conditions in divergent directions during dust and biomass burning events.
Figures 3 and 4 further support this notion during moderate dust aerosol conditions over
Potenza, while Figures 9 and 10 corroborate it during an extreme dust event over Tenerife.
These visual observations underscore the importance of using specific Sentinel-2 bands for
accurate aerosol characterization under different environmental conditions.

(a)

(b)

(c)

Figure 6. Some 90 km2 portions of Barcelona Sentinel-2 TOA reflectance B4-B3-B2 color compositions:
(a), clear sky, 27 May 2020; (b), dust event, 21 July 2022; (c), biomass burning event, 25 October 2020.
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(a)

(b)

(c)

Figure 7. Some 90 km2 portions of Barcelona Sentinel-2 TOA reflectance B12-B11-B1 false color
compositions: (a), clear sky, 27 May 2020; (b), dust event, 21 July 2022; (c), biomass burning event,
25 October 2020.

The visual examination of the color compositions of spectral band data previously
shown is further supported by an investigation of the reflectance spectra at the TOA.
This analysis is relevant not only in relation to the whole observed area but also when
concentrating on parts of the area that include water, if such parts are found within the study
area. The graphical representations of TOA reflectance spectra, shown in Figures 11–13,
where each point in the plot is the average of the corresponding band of one scene and is
placed in the center wavelength of the band, highlight that the bands B2 to B4 and B11, B12
are those where the three cases of dust, smoke, and clear sky are easily distinguishable for
each test image. It is important to note that the NIR bands are deliberately excluded from
the analysis aimed at characterizing aerosols. The rationale behind this exclusion lies in
the significant variation observed in TOA reflectances within these bands, a phenomenon
largely attributable to seasonal fluctuations in the surface reflectance of vegetation.
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(a)

(b)

Figure 8. Some 90 km2 portions of B4-B3-B2 (a) and B12-B11-B1 (b) color compositions of Sentinel-
2 surface reflectance of the 1 January 2020 Tenerife reference acquisition. The yellow circle in
(a) indicates the AERONET instrument position.

If the requirement of a temporally steady surface reflectance, or scene texture, moti-
vates the exclusion of vegetation bands (B5, B6, B7, B8, B8a), an analogous requirement
concerns water surfaces. Unless water is heavily polluted, water bodies do not have their
own color, but reflect the color of the sky. This is clearly visible in Figures 12 and 13: the
spectra measured on the land and on the sea are quite different. Unfortunately, the visible
bands, where ocean color mostly appears, cannot be excluded from the analysis, because
they are of crucial importance for discriminating biomass burning aerosols from clear
sky. Therefore, we expect a loss of performance on water pixels. As a limit case, seasonal
variations of the surface reflectance of vegetation moderately appear also in the green band
(B3), or in the red band (B4) for maple forests. Upon inspection of the spectral plots in
Figures 11–13, we notice that the blue band B2 is the least important among the visible
bands for discriminating dust aerosols from smoke aerosols. If B2 were discarded in the
analysis, color problems on the sea surface would be mitigated and the bands B3, B4, B11,
and B12 would have the exact counterpart among the bands of the SLSTR instrument,
mounted on the Sentinel-3 satellite constellation, providing daily observations at a 500 m
scale. Also, Rayleigh scattering, decaying with the fourth power of the wavelength [36],
would be abated if B2 were discarded.

In conclusion, the graphical representations shown in Figures 11–13 lay a solid founda-
tion for the quantitative analysis of reflectance values at the TOA, specifically targeting the
spectral bands B2 to B4 and B11, B12, for each image subjected to testing. This is the reason,
for which five bands will be initially considered, instead of four or three. The choice of
bands identifies their specificity in highlighting scattering phenomena involving particles
of different dimensions, such as smoke and dust.



Atmosphere 2024, 15, 672 11 of 19

(a)

(b)

Figure 9. Some 90 km2 portions of Tenerife Sentinel-2 TOA reflectance B4-B3-B2 color compositions:
(a) clear sky, 14 February 2021; (b) extreme dust event, 30 January 2022.

(a)

(b)

Figure 10. Some 90 km2 portions of Tenerife Sentinel-2 TOA reflectance B12-B11-B1 color composi-
tions: (a) clear sky, 14 February 2021; (b) extreme dust event, 30 January 2022.
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(a) (b)

Figure 11. Potenza: TOA reflectance spectra (a) averaged over land and (b) over water pixels, for
clear-sky reference (c, ref), almost clear sky (c), and dust event (d).

(a) (b)

Figure 12. Barcelona: TOA reflectance spectra (a) averaged over land and (b) over water pixels, for
clear-sky reference (c, ref), almost clear sky (c), dust (d) and biomass burning (bb) events.

(a) (b)

Figure 13. Tenerife: TOA reflectance spectra (a) averaged over land and (b) over water pixels, for
clear-sky reference (c, ref), almost clear sky (c), and dust event (d).

2.4.2. A Spectral Index for Aerosol Characterization
Starting from the analysis previously described of the image color compositions of

TOA reflectance bands and spatially averaged spectra in Figures 11–13, we developed the
Dust/Biomass Burning (DBB) index of the pixel (i, j) to differentiate between smoke and
dust aerosols in MS images of Sentinel-2 A/B. Such an index is (a) differential, because the
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difference in responses on two dates, an aerosol event and clear sky, is considered as a sort of
calibration that aligns these values; (b) normalized, because the index should be insensitive
to the underlying scene, described by its surface reflectance; and (c) composite, because the
specificity of different wavelengths, visible and SWIR, is averaged in a cumulative index:

DBB(i, j) =
1
5 Â

k

r
(TOA)
k

(i, j)� r
(TOA)
k

(i, j)

r
k
(i, j)

k = 2, 3, 4, 11, 12 (1)

where r
(TOA)
k

represents the TOA reflectance for the test image in the kth band, sourced

from the L1C Sentinel-2 A/B product (refer to Figure 1), and r
(TOA)
k

denotes the TOA re-
flectance from a reference capture at the same location, under clear atmospheric conditions,
specifically where the combined aerosol coarse and fine mode AOD is below 0.07. The
normalization term in Equation (1), r

k
, is the kth band of the L2A (surface reflectance)

product of the reference image. The index in Equation (1) is computed at the pixel level to
produce aerosol maps at either 10 m or 20 m spatial resolution, depending on whether the
SWIR data are interpolated to 10 m or the R-G-B bands are downsampled to 20 m.

The spatial maps of the proposed DBB index provide a synoptic representation of
the type and amount of aerosol, specifically (1) Saharan dust, which is highly reflective
in the visible (2, 3, 4) and SWIR (11, 12) bands, thus increasing the DBB index (DBB > 0);
conversely, (2) biomass burning aerosol (BBA) reduces TOA reflectance at the same wave-
lengths and consequently the DBB index (DBB < 0). For clear atmospheric conditions,
typical values DBB ⇡ 0 are observed.

To obtain a unique aerosol index, the proposed pixel index can be averaged across the
scene, better on non-water pixels, because the normalizing term in Equation (1) may be
unstable on water bodies, which exhibit unpredictable changes in time of their reflectance
spectra (ocean color). Increased separability between dust and smoke aerosols can be
achieved by averaging over areas in which water pixels have been discarded, whenever
possible. Water pixels can be identified by thresholding the surface reflectance of B12
provided by the L2A product (r12 < 1%).

3. Results

We now present the results obtained from the application of the Dust/Biomass Burning
(DBB) index across various test locations. Table 2 presents DBB index values that were
derived from spatial averaging of the DBB maps across different regions and dates. These
values were calculated for water pixels and for land pixels. The DBB index serves as an
indicator of aerosol type, with values greater than zero suggesting the presence of dust,
and values less than zero indicating biomass burning. The coarse mode AOD retrieved by
AERONET sunphotometer on a unique point of land is reported for comparisons.

For Tenerife, the index recorded on 1 January 2020 was identically zero for both water
and the whole scene, being the reference clear-sky acquisition for this site. The value
obtained from AERONET is nonzero because the definition of a clear sky is not based only
on coarse-mode AOD. This was consistent on 14 February 2021, with a slight decrease in
DBB (�0.01 on water, 0.05 on land), suggesting a negligible presence of smoke. AERONET
AOD retrieves 0.1, because biomass burning affects only the AOD fine mode. However,
on 30 January 2022, the DBB values increased significantly to 20.56 over water areas and
0.86 on land, clearly indicating a severe dust event (d), corroborated by the high value
of AOD coarse mode (0.58). The abnormal value of the DBB on water indicates that the
proposed index is not suitable for analyzing water areas because the surface reflectance
during aerosol outbreaks may be much different from that on a clear day, by which the
index is normalized.

In Potenza, the clear reference conditions, denoted as (c, ref), on 6 July 2021 show a
DBB of 0 on both water and land. AERONET measured 0.1. On 26 July 2020 the value of
DBB rose modestly to 0.01 on the tiny water patch of the scene and to 0.09 over land only,
again suggesting a low presence of dust, otherwise measured by AERONET with a value
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of coarse mode AOD 0.03. A more pronounced, but still limited, dust event is evident on
10 August 2021, with the index reaching values of 0.35 over water and 0.34 over land, while
the AOD measure of AERONET is 0.12.

Barcelona’s data show a reference value (c, ref) of 0 on 22 May 2020. The measure of
AERONET on the clear reference day is 0.02. On 27 May 2020, the DBB index shows a slight
increase of 0.11 in water and 0.09 in land. AERONET still finds 0.02. A substantial increase
in the DBB to 4.24 on water and to 0.63 on land, on 21 July 2022, indicates a significant dust
outbreak, confirmed by a value of 0.45 coarse mode AOD from AERONET. Eventually, on
25 October 2020, the DBB index drops below zero to an average value of �3.71 over water
and �2.95 over land, suggesting a biomass burning event (bb). Coarse mode AOD value of
0.26 by AERONET does not follow the expected pattern, as the variable remains unaffected
by biomass burning events.

Table 2. DBB values obtained by spatially averaging the DBB maps over water and land pixels. The
coarse mode AOD measured by the AERONET instrument on land is reported for comparisons.

DBB (Water) DBB (Land) AERONET

Tenerife 1 January 2020 (c, ref) 0 0 0.02
Tenerife 14 February 2021 (c) �0.01 �0.05 0.01
Tenerife 30 January 20 (d) 20.56 0.86 0.58
Potenza 6 July 2021 (c, ref) 0 0 0.01
Potenza 26 July 2020 (c) 0.01 0.08 0.03
Potenza 10 August 2021 (d) 0.35 0.34 0.12
Barcelona 22 May 2020 (c, ref) 0 0 0.02
Barcelona 27 May 2020 (c) 0.11 0.09 0.02
Barcelona 21 July 2022 (d) 4.24 0.63 0.45
Barcelona 25 October 2020 (bb) �2.95 �3.71 0.26

A synoptic view of the results in Table 2 is provided by the scatterplot between
the values of DBB on land and AOD coarse mode from the AERONET sunphotometer,
shown in Figure 14. The values of the three clear sky reference of each test site have been
omitted, because the attribute of clear sky is related to factors other than coarse mode AOD,
analogously to the presence of biomass burning aerosols, which would require fine mode
AOD measurements. Thus, the values reported in Table 2 for the three reference cases and
the biomass burning event in Barcelona have been discarded.

Figure 14. Scatterplot of average DBB values on land pixels versus AERONET coarse mode AOD
measures (second and left column of Table 2). The three clear sky reference cases of DBB and the
burning event in the last row have been discarded. The fit of the measures to the superimposed
regression line is R

2 = 96%.

Figure 14 witnesses an adequate match between DBB averaged on land and AERONET
coarse mode AOD. The fit 96% is achieved by selecting only the pixel on the ground and



Atmosphere 2024, 15, 672 15 of 19

disregarding the biomass burning event in Barcelona. During dust outbreaks, DBB is
reasonably non-negative and correlates with the AOD coarse mode. Why water pixels are
unreliable and how the average values may differ from point measures on land will be
explained by an inspection of the spatial maps of DBB in Figure 15.

(a)

(b)

(c)

Figure 15. Some 90 km2 portions of Barcelona Sentinel-2 DBB maps (a), clear sky, 27 May 2020; (b),
dust event, 21 July 2022; (c), biomass burning event, 25 October 2020.

The Barcelona test site contains three cases: low aerosol loading, identified as dust by
the index, consistent dust, and considerable burning biomass. The related maps of DBB
are shown in the three panels of Figure 15. It is immediately apparent in all three maps
that water pixels display a surprising level of aerosols, in contrast to the land, due to the
significant and unpredictable alteration in the sea’s surface reflectance on the event date
compared to the reference clear sky date. In fact, the color of the sea is the reflection of
atmosphere, which does not contain aerosols in the clear sky reference. The normalizing
term in Equation (1), specifically introduced to remove the underlying texture from the
aerosol map, should not change between the event and the reference dates. This is true only
in an urban context, but definitely false over water and, in part on the vegetated region
surrounding the outskirts, clearly visible in the map of Figure 15b. Thus, the index is more
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accurate, where the surface reflectance remains unchanged over time. This is the reason
why the texture of the city cannot be perceived on the maps of DBB.

4. Discussion

This study prototypes the measurement of aerosols at urban scale starting from rou-
tinely available satellite imagery. So far, spatial, spectral, and temporal constraints have
drastically limited the choice of satellite instruments. The DBB composite index is tailored
to Sentinel-2, due to its high-resolution MS imaging capabilities, which allow the differ-
entiation of aerosol types based on their distinct spectral signatures. This method is not
limited to Sentinel-2 data, but can be adapted for use with other sensors, provided that they
offer similar MS imaging capabilities that allow the distinction between different types of
aerosol. For example, the DBB index can be easily adjusted to work with SLSTR / Sentinel-3
imagery, whose spatial resolution (500 m), however, is unsuitable for street-level analysis.
In this perspective, the two 100 m thermal infrared (TIR) bands of OLI would be invaluable
for analyzing biomass burning events by detecting smoldering fires.

Being explicitly designed for urban environments, the method fails in measuring
aerosols on water. The trivial reason is that the normalizing surface reflectance, necessary
to remove the underlying texture of the scene from the map of aerosols, is highly unstable
on water bodies, which do not have their own color, but reflect the color of the sky. This
is the reason for which several aerosol products, e.g., MODIS, use different algorithms
on land and water pixels. Another limitation concerns the presence of large vegetated
regions in the scene, whose texture in the green band, crucial for the analysis of aerosols,
may vary over time. The drawback of vegetation, however, is far less severe than that of
water. Notwithstanding the problem of vegetation, the fit of DBB with AERONET data
demonstrates that the accuracy of the proposed index seems to be reasonably high, at least
for what concerns the detection of dusts. In the absence of a significant sample of test
scenes with combustion aerosols, and related fine-mode AOD measures, the unique result
on the detection of smoke should be considered preliminary and qualitative.

The proposed methodology based on the DBB index faces multiple challenges, mainly
due to the constraints linked to the satellite’s revisit time. The minimum 5-day revisit time
of the Sentinel-2 twin satellites can potentially delay the detection and characterization
of aerosol events, which can evolve or dissipate within this time frame, thereby affecting
the timeliness and accuracy of collected data. The fusion of Sentinel-2 and Sentinel-3
data [43] would achieve an increase in the temporal resolution of the former. With proper
fusion algorithms, including a correction for the haze term [44], the integrity of the spectral
indices can be thoroughly preserved [45]. These limitations underscore the importance
of integrating satellite data with ground-based observations and other data sources for
comprehensive aerosol monitoring and characterization.

Future research will focus on addressing the previously raised issues and expanding
this approach to geostationary satellites, which provide observations at much shorter
intervals (every 10 min) rather than every five days, and feature a wide range of spectral
bands. The third generation of MeteoSat, which features VNIR, SWIR, TIR, and the medium
infrared (MIR) band, suitable for studying fires, could potentially provide more timely
monitoring of aerosol events, at least on a scale of 1 Km. The tradeoff between time and
spatial scale constraints can be relaxed by resorting to fusion of aerosol maps calculated
separately from the data of each platform. By expanding the results to include data from
geostationary satellites, researchers aim to improve the capabilities for continuous and
real-time aerosol monitoring, thus improving understanding and management of their
impacts on air quality, climate, and public health.

5. Conclusions

This paper presents an innovative approach to detecting and evaluating the presence
of aerosol dust and biomass burning using multispectral (MS) images, particularly focusing
on urban environments in the Mediterranean region. The authors introduce a dust/biomass
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burning (DBB) composite index as a novel method to qualitatively assess the abundance
and intensity of these aerosol types. The study uses data from the ESA Sentinel-2 twin
satellite constellation, which offers high-resolution MS imaging capabilities every five days,
alongside ground-based observations from the Aerosol Robotic Network (AERONET), to
validate their findings. Key feature of the index is that it is insensitive to the underlying
texture, which are particularly annoying and misleading in L2 products of high resolution
MS satellite, e.g., the maps of AOD at different wavelengths of Sentinel-2 over urban areas.

Experiments have been conducted at three distinct locations, each chosen for their
unique characteristics and relevance to the study of aerosols. These locations included areas
near Potenza, Italy; Barcelona, Spain; and Tenerife, Canary Islands, Spain. By comparing
the values of the DBB index derived from images taken during known aerosol events with
those from clear-sky reference images, the study demonstrates the effectiveness of the index
in distinguishing between dust outbreaks, biomass burning events, and clear atmospheric
conditions. The correlation of DBB values with coarse mode AOD measures, carried out
by instruments of the AERONET stations, attains 96%, notwithstanding that average DBB
values on land are taken instead of pixel values at the instrument position.

The research findings indicate that the DBB index is a robust tool for differentiating
between the two types of aerosol, with positive values indicating dust events and negative
values indicating biomass burning. This differentiation is crucial to understanding the
impact and variability over the years of these aerosols on air quality, climate, and human
health. The results of the study, supported by visual inspections and spectral analyses,
show a promising direction for future remote sensing research in aerosol characterization.

However, we acknowledge the existence of few areas where future enhancements can
make the methodology even more robust. Presently, the index does not work properly
on water pixels, typically sea/ocean. A small modification of the choice of bands that
make up the composite index, or the definition of a different index for water pixels, as
it happens with some aerosol products of MODIS, or a multiresolution approach using
500 m Sentinel-3 observations, could fix the inconvenience, since the spatial resolution
of the aerosol map is not an asset on water bodies. Despite the five-day revisit period
of Sentinel-2, which might not always capture rapidly evolving aerosol events, the data
it provides are still invaluable. There are several opportunities to integrate it with other
satellite- or ground-based observations for a more comprehensive view. The MS range of
Sentinel-2 offers broad detection capabilities, and the absence of thermal infrared bands
can inspire innovative methods to complement this with additional data sources. Lastly,
leveraging a clear-sky baseline for comparison offers a solid foundation that, with precise
calibrations, could yield even more accurate results in future studies.

In conclusion, this study provides significant information on aerosol remote sensing,
offering a novel tool for the quantitative evaluation of biomass and dust combustion
events. The ability of the DBB index, which relies on routinely available MS image data, to
distinguish between different types of aerosol and to provide maps at a decametric scale is
a valuable resource for researchers and policy makers alike, helping to develop strategies
to mitigate the adverse effects of aerosol pollution on the environment and public health.
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