fire
Article

Atmospheric Trends of CO and CH4 from Extreme Wildfires in
Portugal Using Sentinel-5P TROPOMI Level-2 Data
Cátia Magro 1,2, * , Leónia Nunes 1,3 , Oriana C. Gonçalves 4 , Nuno R. Neng 4,5 , José M. F. Nogueira 4,5 ,
Francisco Castro Rego 3 and Pedro Vieira 1, *
1

2

3

4

5

*



Citation: Magro, C.; Nunes, L.;
Gonçalves, O.C.; Neng, N.R.;
Nogueira, J.M.F.; Rego, F.C.; Vieira, P.
Atmospheric Trends of CO and CH4
from Extreme Wildfires in Portugal
Using Sentinel-5P TROPOMI
Level-2 Data. Fire 2021, 4, 25.
https://doi.org/10.3390/fire4020025
Received: 30 March 2021

Department of Physics, NOVA School of Science and Technology, NOVA University Lisbon,
2829-516 Caparica, Portugal; lnunes@isa.ulisboa.pt
CENSE—Center for Environmental and Sustainability Research, Department of Environmental Sciences and
Engineering, NOVA School of Science and Technology, NOVA University Lisbon, 2829-516 Caparica, Portugal
Centre for Applied Ecology “Professor Baeta Neves” (CEABN), InBIO, School of Agriculture,
University of Lisbon, 1349-017 Lisbon, Portugal; fcastrorego3@gmail.com
Centro de Química Estrutural, Faculdade de Ciências, Universidade de Lisboa, 1749-016 Lisboa, Portugal;
ocgoncalvesp@alunos.fc.ul.pt (O.C.G.); ndneng@fc.ul.pt (N.R.N.); nogueira@fc.ul.pt (J.M.F.N.)
Departamento de Química e Bioquímica, Faculdade de Ciências, Universidade de Lisboa,
1749-016 Lisboa, Portugal
Correspondence: c.magro@fct.unl.pt (C.M.); pmv@fct.unl.pt (P.V.)

Abstract: Large forest fires have repeatedly affected Europe, in particular the Mediterranean countries.
It is now crucial to continue the effort to feed the several layers of prediction models and understand
how wildfire spreads in order to develop modern preventative and mitigation methods. The present
study evaluates the performance of Sentinel 5-P TROPOMI for the monitoring of carbon monoxide
(CO) and methane (CH4 ) during extreme fire events in Portugal, focusing on the Monchique (2018)
and Vila de Rei/Mação (2019) wildfires, which devastated 27,154 ha and 9249 ha, respectively.
The spatial distribution and trend of CO and CH4 prior to, during, and following the fire event were
accessed and linked with in situ data in a qualitative and quantitative exploration. Large CO plumes
were observed with CO columns exceeding 4.5 × 1018 and 6 × 1018 molecules/cm2 on 21 July 2019,
and 7 August 2018, respectively. CO distribution profiles after consecutive digital processing steps
showed the ability to follow CO fluctuations according to the fire spread. Furthermore, statistically
significant differences were found between CO emissions inside and outside the burning area in both
fire events. Finally, the CO2 estimated through CO column data presented an emission of 7.6 × 1019
molecules/cm2 for the uppermost emission day on 7 August 2018. Although CH4 monitoring is still
unwavering to draw exact conclusions, the CO patterns during extreme fire events show promising
and consistent data when compared with in situ data.
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1. Introduction
Forests cover over a third of the total land area of Europe [1]. Climate change is drastically intensifying the threats to the forests, which are more pronounced in the Mediterranean climate-intense rain in winter and drier summers [2]. Such factors foster higher
levels of vegetation growth and the accumulation of fuel, which both contribute to extreme
wildfires. The environmental impact of events between 2000 and 2017 in Europe resulted in
losses of 8.5 million burned ha, approximately 480,000 ha/year [3]. In Portugal’s mainland
territory, the burned area in 2018 and 2019 amounted to 44,578 ha and 42,084 ha, respectively, according to the Forest Fires in Europe, Middle East and North Africa report for
2018 and 2019 [4,5]. In terms of economic fire impact on the most affected countries, Portugal, for example, may see an increase in losses of over EUR 5 billion/year by 2070–2100
(2.4% of Portugal GDP in 2019, Instituto Nacional de Estatística, INE data).
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According to the European Commissioner for Research, Science and Innovation in
2018 [3], “Making the wealth of knowledge and the implications of such knowledge available to develop forest fires risk mitigation strategies is a pre-requisite to implementing
adequate policies and to better protecting European citizens, the economy and the environment against megafires.” Environmental changes, in particular, drainage and forest
clearing, threaten the stability of forests [6], making them susceptible to wildfire events.
Wildfires are one of the most significant disturbances to land ecosystems on a regional
and global scale, and generate large quantities of critical greenhouse gases [7]. Extreme
wildfires are a major hazard throughout Europe; however, these events are not fully understood. The current models of wildfire spread are still not sufficiently robust to effectively
explain the fire’s behavior. Therefore, increasing the resilience and knowledge of society as
far as these extreme events are concerned by taking advantage of new technologies such
as satellites to gather new and critical data is pivotal to building science-based forest fire
management strategies and for risk-informed decision-making.
Wildland fires emit large amounts of trace gases and particles [8–11] and these
emissions are believed to significantly influence the chemical composition of the atmosphere [12,13] and the earth’s climate system. Combustion is a chemical process that
results in the oxidation and breakdown of organic matter from living and dead vegetation.
The wide variety of pollutants released by wildfires, due to complete or incomplete combustion, include greenhouse gases, carbon dioxide (CO2 ) [14], methane (CH4 ), and photochemically reactive compounds such as carbon monoxide (CO) [15]. In particular, the lifespan of
CH4 in the atmosphere is much shorter than that of CO2 ; however, CH4 is more efficient
at trapping radiation than CO2 . The comparative impact of CH4 is 25 times greater than
CO2 over a 100-year period [16]. On the other hand, CO is a trace gas in the atmosphere
that does not have a direct effect on the global temperature, as does methane; nonetheless,
CO plays a major role in atmospheric chemistry, and it affects the ability of the atmosphere
to cleanse itself of many other polluting gases and combined with other pollutants and
solar radiation, it also takes part in the formation of lower-atmospheric ozone and urban
smog. Thus, to enable the development of a mechanistic understanding of the changing
role of these drivers (extreme wildfires and their by-product gases) and their impact on
atmospheric composition, long-term wildfire records are needed. Satellites are important
in improving the knowledge regarding fire events. They are commonly used after the fire
to measure the burned area and fire severity, but are also useful to record smoke and gas
emissions during the fire, to provide information on firefighting hazards [17], to predict
fire danger, to map fuels, to monitor fire dynamics [18], and to assess air quality. Many of
these objectives are better achieved by merging satellite information and in situ data [19].
Global Monitoring for Environment and Security (GMES) is a joint initiative of the
European Community (EC) and the European Space Agency (ESA). The overall objective
of the GMES initiative is to support Europe’s goals regarding sustainable development and
the global governance of the environment by providing timely and high-quality data, information, services, and knowledge. The Sentinel-5 Precursor (S5-P) mission is applicable for
further integration of the air quality and climate issues at policy level [20]. The S5-P mission
is a single-payload satellite in a low Earth orbit that provides daily global information on
concentrations of trace gases and aerosols that are important for air quality [10]. The payload of the mission is the TROPOspheric Monitoring Instrument (TROPOMI). TROPOMI
is a spectrometer with spectral bands in ultraviolet, visible, near-infrared, and shortwave
infrared (SWIR). The selected wavelength range for TROPOMI allows for observation of
key atmospheric constituents, including ozone, nitrogen dioxide (NO2 ), carbon monoxide
(CO), sulfur dioxide, methane (CH4 ), formaldehyde, aerosols, and clouds [21]. In addition
to other objectives, the S5-P TROPOMI holds the understanding of the atmospheric chemistry related to climate and the chemistry–long-term observational records that are essential
to validating the new generation of climate and Earth system models [20]. Recent studies
have shown the potential of TROPOMI for various pollutant emissions. Lama et al. [22]
investigated the use of co-located NO2 and CO retrievals from the TROPOMI satellite

Fire 2021, 4, 25

3 of 20

to improve the quantification of burning efficiency and emission factors over different
megacities. Additionally, Rooney et al. [23] conducted a comprehensive investigation of air
quality impacts, regarding PM2.5 emissions on the Camp Fire using a combined analysis
of ground-based and space-borne observations and WRF-Chem simulations. A year after,
Van der Velde et al. [24] examined different fire-prone regions around the world by means
of an analysis of the biomass burning pollutants through the column measurements of
nitrogen dioxide and carbon monoxide provided by TROPOMI, by using space-borne data
to investigate the spatiotemporal efficiency of fire combustion.
On this basis, it is key to understand that the increase in CH4 concentrations, which
may be attributed to the increased tropospheric ozone observed in the 20th century [25],
and the transformation of gaseous precursors (e.g., CO) into radiative active constituents,
are still poorly quantified. Further insights into these transformation processes are needed
to link the climate impact of the primary forcing agents to mitigation options that are
related to the gaseous precursor emissions [20]. Hence, to tackle such challenges, the aim
of this study is to ascertain the potential of the S5-P TROPOMI satellite for the monitoring
and supervision of CO and CH4 during wildfire events toward the analysis of (i) Level2 data products and (ii) their connection with in situ data. Its potentiality is discussed for
two particular Portuguese extreme wildfires: Monchique in 2018 and Vila de Rei/Mação
in 2019.
2. Materials and Methods
2.1. Wildfire Areas and In Situ Data
Table 1 presents the geographical fire starting points and the Sentinel 3 satellite
images during a day when the fire occurred, and the total burned area following both
wildfires. Both days were chosen as those on which either sufficient satellite information
was contained or when the size of the fire was significant.
The in situ data was obtained from the Independent Technical Observatory report for
the Monchique and Vila de Rei/Mação Fires Assessment [26,27], the preparation of which
was carried out by some of the authors of this paper.
According to these reports, the Monchique wildfire began on 3 August and was
extinguished on 9 August. The Monchique area, in particular Serra de Monchique, is characterized by a Mediterranean climate surrounded by eucalyptus (Eucalyptus globulus) (40%)
and shrubs (40%), reflecting its high propensity to wildfires (Figure S1 in the supplementary
data) and as expected, affected the spread of the Monchique fire. The wildfire started to
spread to the west, on the left bank of the Ribeira de Odelouca, where it was limited by
low fuel accumulated as a consequence of a significant wildfire in 2016 (a more detailed
description of the area and wildfire details is available in the Monchique Fire Assessment
report [24]).
Regarding the Vila de Rei/Mação wildfire, the fire began on 21 July and was extinguished on 23 July. The burned area was characterized as a homogeneous landscape with
95% of the area occupied by pine (Pinus pinaster) and eucalyptus (Eucalyptus globulus)
(4000 ha) in a Mediterranean climate environment Thus, the Vila de Rei/Mação fire spread
and behavior were also affected by fuel management (Figure S2 in the supplementary
data), resulting in Mação presenting 55% of the burned area with low severity, where the
corresponding values for Vila de Rei were 22% (a more detailed description of the area and
wildfire details is available in the Vila de Rei/Mação Fire Assessment report [25]).
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2.2. Sentinel-5 P TROPOMI
The Sentinel-5 Precursor (S5-P), launched on 13 October 2017, is the first Copernicus mission to monitor the atmosphere [28]. The TROPOMI (TROPOspheric Monitoring
Instrument) spectrometer is on board the S5-P and measures ultraviolet, visible, and infrared earthshine radiances at high spectral resolution. The TROPOMI maps the global
atmosphere at a spatial resolution of 7 × 7 km2 (across × along track; 7 × 5.5 km2 since
6 August 2019) [28]. This allows the resolution of fine details, including the detection of
much smaller gas plumes. The satellite carries the most advanced TROPOMI instrument
for measuring ultraviolet-visible (270–500 nm), near-infrared (675–775 nm), and shortwave
infrared (SWIR) (2305–2385 nm) spectral bands, which means it can image different air
pollutants such as CH4 and CO [28]. For SWIR bands, the spatial resolution of the nadir
measurements are almost 40 times finer than for SCIAMACHY [29]. TROPOMI retrieves
the global CO abundance, exploiting clear-sky and cloudy-sky Earth radiance measurements in the 2.3 µm spectral range of the SWIR (2305–2385 nm; pixel size 7 × 7 km2 ) part
of the solar spectrum [30]. TROPOMI clear sky observations provide total CO columns
with sensitivity to the tropospheric boundary layer. For cloudy atmospheres, the column
sensitivity changes according to the light path [30]. To monitor CH4 abundances in the
Earth’s atmosphere, TROPOMI uses absorption information from the Oxygen-A band
(760nm) and the SWIR spectral (2305–2385 nm; pixel size 7 × 7 km2 ) range [31].
To analyze CO and CH4 in the two wildfires under study, level-2 data from S5-P
TROPOMI were selected, covering the period from 27 July to 19 August 2018, and 12 July
to 3 August 2019, in a matrix area of 77 × 77 km2 . For both CO and CH4 , errors in data
acquisition resulted in data gaps and therefore missing data for some days in the analyzed
period. Along with the discussion, the data regarding CO was presented either in mol/m2
or in molecule/cm2 (using the multiplication factor = 6.02214 × 1019 , suggested by [31]).
2.3. CO and CH4 Level-2 Data Analysis—Spatial Distribution and Trends
TROPOMI Offline or the reprocessing stream of CO column and XCH4 Level-2 datasets
were imported (CSV format) using Panoply Software 4.11.6. Data files can be built in
Panoply for data analysis and visualization.
Spatial distribution of the CO column and XCH4 were determined from the selected
Level-2 data through an algorithm developed in MatLab version 2005b, with a number of
consecutive digital processing steps, presented in Figure 1.
Thus, the CO and CH4 spatial distribution images were built from the starting geographical coordinate (Table 1 data) of each wildfire, enabling the observation of the fire’s
orientation and consequently the plume of emissions for both gases. Furthermore, the CO
column and XCH4 trends for pre-fire, during-fire, and post-fire were performed upon
the geographical coordinate of the highest and lowest (to understand the wildfire disturbance) value observed during each wildfire, to apprehend whether Sentinel 5-P TROPOMI
is capable of monitoring the sudden change in gas emissions when a forest fire begins
and ends.
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data.
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Ward et al. [33], which is based on the mole ratio of carbon released as CO2 to the sum of
the moles of carbon released as CO2 and CO:
Modified Combustion Efficiency (MCE) =

mol of CO2
mol of CO2 + mol of CO

(1)

For Equation (1), the MCE for wildfires with smoldering and/or flaming combustion
yielded values between 0.75 and 0.92.
3. Results and Discussion
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It is critical to emphasize that S5-P TROPOMI monitors the geolocated points of interest between 12:00 a.m. and 1:30 p.m. and the surface monitoring data is recorded
hourly. Nonetheless, when the data was linked for the timeframe where the measurement
corresponded to the overpassing time of the satellite, it was possible to observe a similar
pattern in both surface and S5-P TROPOMI data, with a correlation of 50% (multiple R).
This correlation shows that the accuracy of the S5-P TROPOMI CO measurements, even
with fewer points (when compared to the surface data), was not compromised [37]. In
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It is critical to emphasize that S5-P TROPOMI monitors the geolocated points of
interest between 12:00 a.m. and 1:30 p.m. and the surface monitoring data is recorded
hourly. Nonetheless, when the data was linked for the timeframe where the measurement
corresponded to the overpassing time of the satellite, it was possible to observe a similar
pattern in both surface and S5-P TROPOMI data, with a correlation of 50% (multiple
R). This correlation shows that the accuracy of the S5-P TROPOMI CO measurements,
even with fewer points (when compared to the surface data), was not compromised [37].
In Figure 2, a sharp increase for both datasets may be observed on the days of the fire,
in particular between 6 and 7 August, the most intense days of fire.
Based on these observations (correlation coefficient and comparable CO emission
trend), SP5-P TROPOMI appears to present possible potential to monitor and follow CO
fluctuations in each of the fires under study. To evaluate this hypothesis, in the following
sections, the Monchique and Vila de Rei/Mação wildfires were explored in consideration
of the CO and CH4 spatial distribution, trends, and spatio-temporal analysis provided by
S5-P TROPOMI.
Through these analyses, the retrieval uncertainty of CO column and XCH4 mean
average were 0.0011 mol/m2 and 1.4697 ppb, respectively (the total CO column precision
and XCH4 mixing ratio precision are in Table S1). It may be noted that for XCH4 the measurements presented a higher frequency of NaN when compared to the CO column data.
3.1. CO and CH4 Emission: Spatial Distribution
3.1.1. Monchique Wildfire, 2018
The Monchique wildfire is estimated to have burned 27,154 ha, of which shrubs and
eucalyptus comprised 35% and cork oak forest 15%. Additionally, according to the in situ
reports, the Monchique wildfire pointed to considerable irregularity in the expansion of the
burned area, characterized by rapid fire spread due to plant formations prone to rapid and
intense combustion (eucalyptus and shrubs, cork oak with abundant shrub development).
In fact, in this particular wildfire, the meteorological and vegetation contexts favored the
development of the Monchique fire due to the combination of strong winds, low relative
humidity, and thin dead fuel. Thus, for the analysis of both CO and CH4 emissions, a matrix
of 77 × 77 km2 was attained. Figure 3 shows the spatial distribution of the total CO column
retrievals (sum of partial columns) between 3 August and 9 August 2018. Throughout
the analysis of the XCH4 total retrievals (sum of partial columns), no relevant spatial
distribution was found. Thus, for this fire event, the XCH4 data was not shown since it
presented several NaN results due to acquisition errors. In that regard, it may be noted that
the presence of radiometric artefacts may be a contributor to spectral errors arising from
the spatially heterogeneous nature of the radiance emanating from the Earth’s surface (due
to irregular cloud cover, e.g., intense smoke plumes or albedo variations within a spatial
sample) [38].

relevant spatial distribution was found. Thus, for this fire event, the XCH4 data was not
shown since it presented several NaN results due to acquisition errors. In that regard, it
may be noted that the presence of radiometric artefacts may be a contributor to spectral
errors arising from the spatially heterogeneous nature of the radiance emanating from
the
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Earth’s surface (due to irregular cloud cover, e.g., intense smoke plumes or albedo variations within a spatial sample) [38].
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3.1.2. Vila de Rei/Mação Wildfire, 2019
burned area
estimated
3.1.2.The
Vilatotal
de Rei/Mação
Wildfire,
2019 in the Vila de Rei/Mação wildfire was 9249 ha,
in which 6881 ha were forest stands, 1862 ha shrubs, and 506 ha agricultural areas.
Figure 4 shows the spatial distribution profile of the CO column and XCH4 total
retrievals (sum of partial columns) between 20 July and 23 July 2019, where the largest
plume of CO was observed on 21 July 2019 (up to 4.6 × 1018 molecules/cm2 ).
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The total burned area estimated in the Vila de Rei/Mação wildfire was 9249 ha, in
which 6881 ha were forest stands, 1862 ha shrubs, and 506 ha agricultural areas.
Figure 4 shows the spatial distribution profile of the CO column and XCH4 total retrievals (sum of partial columns) between 20 July and 23 July 2019, where the largest
plume of CO was observed on 21 July 2019 (up to 4.6 × 1018molecules/cm2).
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3.2. Combustion and Fuel Types: CO and CH4 Emission Trends
CO and CH4 fluctuations during wildfires are complex and difficult to explain,
and even more complicated in the case of wildland fuels such as wood, blades of grass,
and tree leaves. These types of fuels will consequently affect the type of combustion profile.
Wildfires can be broadly divided into two types: smoldering (heterogeneous combustion)
and flaming (homogeneous combustion) [40]. Both are important in wildfires, and despite
being fundamentally different, one can lead to the other [40]. These different types of
combustion vary in their rates of spread, heat release, and gas emissions. In particular,
CO and CH4 emissions during a wildfire vary according to the type and quantity of fuel
consumed, fuel moisture, ignition pattern, wind, temperature, and other factors. Flaming
combustion results from a rapid oxidation reaction at high temperatures with an abundant
oxygen supply, resulting in the release of carbon dioxide and water vapor [40]. Smoldering
combustion is a non-flaming form of combustion recognized by an abundant production
of smoke with large quantities of particulate matter (mostly carbon) and carbon monoxide [41]. The type of vegetation will influence the type of combustion during a wildfire,
and therefore variation in the emissions of detected CO and CH4 . Figure 5 shows the CO
column and XCH4 trend prior to, during, and following the wildfires under study (for full
geo-localization the geographic location maps for both fires are in Figures S6 and S7 in the
supplementary data). The geographic coordinates presented in Figure 5 are related to the
CO column and XCH4 peaks considered the highest and lowest emissions observed during
all the days studied for both fire events. In Figure 5, a linear interpolation was performed
to overcome the missing data points due to S5-P TROPOMI acquisition errors.
Regarding the Monchique wildfire, the in situ data stated that not only wind speed
explained the fire propagation, with a proportion of 53%, but also the humidity of the
dead fuel (28%), associated with the relative humidity of the air and type of vegetation
(19%). The graph (a.1) clearly shows that prior to and following the forest fire the emission of CO remained steady and between 6 August and 7 August, this CO emission
plummeted dramatically to a further 34% when comparing both days. The XCH4 in the
atmosphere in pre-and post-moments was slightly lower compared to the highest emission (Figure 5(b1) day and did not present an evident increment as in the CO column
trend. In fact, even though the CH4 emissions stabilized in 1999 [42], this gas has been on
the increase since 2007 for essentially unknown reasons [43]. Furthermore, an in-depth
discussion may be warranted due to the fact that according to the in situ data provided,
during the first two days (3 and 4 August) the fire mainly affected eucalyptus (55% of the
burned area) and other forest (29%) and its spread was not particularly rapid, possibly due
to the defense of young eucalyptus stains. The largest expansion of the fire occurred on
5 August, having affected eucalyptus in around 50% of the burned area during that period.
On 6 and 7 August, the burned shrub area (41% of the total) gained ground compared to
the eucalyptus (44%) [26]. These types of fuels (shrub) typically result in smoldering combustion, which is characterized by higher emissions of incomplete combustion products,
including CO and CH4 . On 8 August, the fire essentially consumed areas of shrubs (70%).
On 9 August, the coniferous species, the most representative of which is the pine species,
recorded a reduced burned area. Both days revealed flaming combustion, which is more
efficient than smoldering combustion, emitting lower quantities of CO and CH4 .
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On the other hand, the fire fuel of Vila de Rei/Mação was mainly constituted by forest
stands (60% maritime pine and 15% eucalyptus) and 20% shrub areas and small agricultural
patches. According to the analysis of the in situ data [27], the fuel mainly consisted of
old wood or stands resulting from natural regeneration and with no forest management,
with an average height of 2 m, high horizontal and vertical continuity, and a high load
containing a significant quantity of fine suspended dead material. Thus, the behavior
of the fire was expected to present a high speed of propagation and intensity. As far as
Figure 5(a2) is concerned, comparing the CO column trend prior to, during, and following
the wildfire, the peak in CO column is evident, which decreased on day 23 and gradually
adjusted to typical CO emission values for non-fire days. Regarding XCH4, there were
some days with data acquisition errors, probably caused by wind direction instability and
high smoke intensity, which enabled the ability of S5-P TROPOMI to consistently measure
XCH4 emissions. Smoke intensity is also related to the humidity of the dead fine fuels.
Considering the in situ data and using the physical model of Anderson et al. [44], which
estimates the moisture of the dead fine fuels, from 20 to 23 August, a relative humidity
of between 20% and 40% in the mid-afternoon to a maximum of around 90% during the
night was recorded. Thus, minimum and maximum values corresponding to the moisture
content of the fine fuels standing at approximately 7.5% and 20% were obtained, which
may have affected the quantity of smoke emitted during this period.
It is also important to establish the relationship between the CO column and XCH4
S5-P TROPOMI data, as these two gases are related to wildfire emissions with incomplete
combustion and they are expected to have an upward trend during the fire and a downward,
steady profile pre- and post-fire. To understand this relationship, a linear regression was
performed for the data, which is presented in Figure 5. Figure 6 presents a line fit plot for
of 20
95% of the confidence level between the CO column and XCH4 S5-P TROPOMI16data.

Figure 6. Distribution of the CO column and XCH4 across the two wildfires under study. The S5-P TROPOMI data for CO
Figure 6. Distribution of the CO column and XCH4 across the two wildfires under study. The S5-P TROPOMI data for CO
column and XCH4 are shown in yellow (average). The prediction data (adjusted with the CO column data) is represented
column and XCH are shown in yellow (average). The prediction data (adjusted with the CO column data) is represented
by a linear fit shown as4 a dashed black line. (a) Monchique fire and (b) Vila de Rei/Mação fire.
by a linear fit shown as a dashed black line. (a) Monchique fire and (b) Vila de Rei/Mação fire.
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ysis, profiles and trends may be observed, and CO, as expected, had a higher expression
in the emission when an extreme wildfire occurred compared to XCH4.
3.3. Spatio-Temporal Analysis of CO Emission
To assess the performance of S5-P TROPOMI, a quantitative analysis was carried out
to evaluate the association of CO emissions with the actively burning areas according to
the propagation maps (Figures S3–S4 in the supplementary data).
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profiles and trends may be observed, and CO, as expected, had a higher expression in the
emission when an extreme wildfire occurred compared to XCH4 .
3.3. Spatio-Temporal Analysis of CO Emission
To assess the performance of S5-P TROPOMI, a quantitative analysis was carried out
to evaluate the association of CO emissions with the actively burning areas according to
the propagation maps (Figures S3 and S4 in the supplementary data).
Figure 7 shows the squared 77 × 77 km2 (centered at lat. 37◦ 170 55.64400 N, long.
◦
0
8 30 35.06400 W) for the Monchique wildfire for the most significant days recorded by
S5-P TROPOMI (6, 7, 8, and 9 August), indicating the area of active burning. A statistical
comparison of the CO column data in the cells with active burning and those of the
surrounding background is shown with ANOVA tables and a graphical display.
As previously mentioned, high wind speed was observed on 6, 7, and 8 August with
an evident northwest-southwest direction, as validated by the more intense CO plume
for the higher CO emissions (darker red squares, Figure 7a). According to the ANOVA
tables and plots in Figure 7b, it is possible to conclude that the CO columns measured by
the S5P-TROPOMI were significantly higher over cells with active burning, especially on
6 and 7 August, but also on 8 August, with p < 0.000 (high level of significance). It may
also be noted that as on 9 August the fire was almost extinct, the burning areas and the
surrounding background were similar in terms of CO emissions, showing (as in Figure 4)
that the CO plume was more diffuse and presented low values on that day. It may be
concluded that there was a strong and statistically significant influence of the wildfire on
the CO emissions measured by S5-P TROPOMI, as the remarkable decrease and increase
when burning and background areas were compared were evident.
Figure 8, referring to 21 July, the most representative CO emissions day for the Vila de
Rei/Mação wildfire, shows the assimilated observations for CO dynamics for this day.
Figure 8 shows the high representativeness of S5-P TROPOMI measurements for each
in situ observation in the burned area of 21 July (centered at lat. 39◦ 450 5.68800 N, long.
8◦ 30 26.17200 W), which presented a p-value of < 0.000 (high level of significance) when
burning areas and the surrounding background were compared according to CO emission
levels. As is also observed in Figure 7, for the Monchique wildfire, the wind orientation
influenced the CO plume. In the Vila de Rei/Mação wildfire, the wind orientation was
unstable; nevertheless, the moderate westerly and southwesterly winds were dominant,
as may be noted with the more intense red color in Figure 8a.
This spatial and/or temporal cross-validation made possible the quantitative evaluation of the changing patterns of CO columns measured by S5-P TROPOMI. The spatial
and/or temporal analysis described in Figures 7 and 8, which consider the link between in
situ observations and S5-P TROPOMI CO measurements, was a crucial step to accurately
infer the potential of monitoring CO emissions during an extreme wildfire, using satellite
data time series.
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be noted that as on 9 August the fire was almost extinct, the burning areas and the surrounding background were similar in terms of CO emissions, showing (as in Figure 4)
that the CO plume was more diffuse and presented low values on that day. It may be
concluded that there was a strong and statistically significant influence of the wildfire on
the CO emissions measured by S5-P TROPOMI, as the remarkable decrease and increase
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when burning and background areas were compared were evident.
Figure 8, referring to 21 July, the most representative CO emissions day for the Vila
de Rei/Mação wildfire, shows the assimilated observations for CO dynamics for this day.
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lat. 39◦ 410 20.76000 N, long. 8◦ 20 4.452 W.

As previously mentioned, smoldering combustion is less efficient than flaming combustion and results in lower emissions of carbon dioxide (CO2 ), but higher emissions
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of CO and CH4 [46]. On 7 August, in the Monchique wildfire, an estimated CO2 quantity of 7.6 × 1019 molecules/cm2 was emitted, considering 92% combustion efficiency,
in an area of 7 × 7 km2 for each geolocation. Regarding the Vila de Rei/Mação wildfire,
the higher emission of predicted CO2 revealed up to 1.4 × 1019 molecules/cm2 when
75% combustion efficiency was considered and 5.3 × 1019 molecules/cm2 considering
92% combustion efficiency. When the uppermost peaks of CO2 were compared to other
research articles, the estimated emissions were higher according to the values found by
Al-Saadi et al. [47], who reported 4.4 × 1017 molecules/cm2 of CO emission for biomass
burning, and therefore, for both 92% and 75% combustion efficiency, a CO2 emission was
estimated to record an average of 4.9 × 1018 or 1.3 × 1018 molecules/cm2 , respectively.
Conversely, close to the Senegal region, Buchwitz et al. [48] monitored a CO2 emission
plume of 8.1 × 1021 molecules/cm2 , showing that CO2 emissions are also highly dependent on the burned area estimation, in particular for short-lived wildfires [48]. The CO2
emissions present high spatial heterogeneity, since they will be highly dependent on the
fuel and weather conditions [7].
4. Conclusions and Final Remarks
In this study, the potential of the S5-P TROPOMI satellite for the monitoring and
supervision of CO and CH4 during wildfire events was assessed to analyze Level-2 data
products and their correspondence with in situ data for two particular Portuguese extreme
wildfires: Monchique in 2018 and Vila de Rei/Mação in 2019.
From the spatial distribution profiles created for the CO column and XCH4 emissions
through the S5-P TROPOMI Level-2 data, it was concluded that, firstly, the in situ data is
key to the construction of a more in-depth understanding of the patterns of these two gases
during an extreme wildfire event.
Secondly, when comparing the robustness of S5-P TROPOMI for both gases, the CO
column measurements presented a clear trend, patterns, and evident distribution, in line
with the fire behavior and intensity. On the contrary, for XCH4 measurements, it was not
possible to explain the fire direction, only the intensified emission when the fire occurred.
In the XCH4 measurements, NaN results were mostly found in up to 1853 ppb, together
with the higher burning intensity during the wildfire event. It should also be noted
that as CH4 is lighter than CO, the gas may be carried away with sea winds, therefore
compromising its measurements. Consequently, the wind and smoke plumes may be
contributing factors in spectral errors, namely for XCH4 measurements.
Thirdly, it was concluded that S5-P TROPOMI’s potential for screening CO fluctuations
during a fire event (namely, Pinus pinaster and Eucalyptus globulus burning fuel) is highly
affected by the type of forest fire under study. For the Monchique fire, in CO column
measurements, as the wildfire formed loft smoke plumes above the boundary layer and
promoted the long-distance transport of gases and particulate matter, the S5-P TROPOMI
was able not only to sense fluctuations in the emissions’ trends but also to monitor the
direction of the fire’s propagation. However, for Vila de Rei/Mação, due to high wind
instability, the smoke aerosols remained in the near-ground layer and were not sufficiently
high to enable S5-P TROPOMI to clearly follow the CO direction in the last two days of the
fire event.
Fourthly, by means of a spatio-temporal analysis, the quantitative influence of the
fire events on CO emissions correlated with burned propagation maps, showing with a
significant difference that S5-P TROPOMI was able to provide prospects in assessing and
quantifying the CO columns during wildfire events. This analysis corroborates the data
found in the qualitative and descriptive analysis.
Thus, it is important to highlight that S5-P TROPOMI’s potential for screening patterns
and CO columns, contrary to XCH4 monitoring, which may be ambiguous, can provide a
wealth of knowledge on mapping wildfire events.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/fire4020025/s1, Table S1. Total CO column precision and CH4 mixing ratio precision data from
S5-P TROPOMI in the two geographic locations where the highest CO and XCH4 emissions were
achieved (Figures 3 and 4 related); Figure S1. Wildfire Danger Forecast for 7 August 2018 (data collected from https://effis.jrc.ec.europa.eu/static/effis_current_situation/public/index.html, accessed
on 15 March 2021); Figure S2. Wildfire Danger Forecast for 21 July 2019 (data collect from https:
//effis.jrc.ec.europa.eu/static/effis_current_situation/public/index.html, accessed on 15 March
2021); Figure S3. Burned area: propagation during the Monchique wildfire event [26] (centered at
lat. 37◦ 170 55.64400 N, long. 8◦ 300 35.06400 W, represented by the x in the map); Figure S4. Burned
area: propagation during the Vila de Rei/Mação wildfire event [27] (centered at lat. 39◦ 450 5.68800
N, long. 8◦ 30 26.17200 W, represented by the x in the map); Figure S5. Spatio-temporal analysis flow
chart process; Figure S6. Highest and lowest CO and XCH4 emissions geographic locations map for
Monchique fire; Figure S7. Highest and lowest CO and XCH4 emissions geographic locations map
for Vila de Rei/Mação fire.
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