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Abstract: Open-burning of agricultural residues is a widespread practice with significant environmental
implications. This study explores the potential of satellite remote sensing to detect and analyze small-scale
agricultural fires in Portugal, focusing on their spatial and temporal characteristics. Using active fire detection
products from various satellite platforms, including VIIRS, MODIS, SLSTR, and SEVIRI, we conducted a
detailed analysis across two local case studies and a national-scale assessment. The study evaluates both active
fire detections and post-fire burned area estimations, including high-resolution satellite imagery to overcome
the limitations associated with the small size and low intensity of these fires. Results indicate that while active
fire detections are feasible for larger-scale burnings, challenges remain for smaller fires due to resolution
constraints. A systematic comparison with an agricultural burning request database further highlights the need
for enhanced temporal and spatial precision in data to improve detection reliability. Despite these limitations,
this work underscores the importance of remote sensing tools in monitoring agricultural burning practices and

enhancing environmental management efforts.

Keywords: extensive burning; biomass residues; prescribed fire; satellite; earth observation; active fire
detection; post-burn analysis

1. Introduction

Open-burning of agricultural residues is a common practice worldwide, whether for eliminating
agriculture residues or to promote land clearing [1]. In Portugal, this practice is particularly prevalent
during the wet season, which usually runs from October to April. Typically, these fires involve pile
burning of agricultural waste and shrubbery (e.g., pruning and cuttings), or deliberate burning of
vegetation to promote the creation of pastures for livestock, control of invasive species and reduce
wildfire hazard [2-5].

As single events, these burning practices are characterized by having small intensity and extents.
However, the generalized practice of open burning of agriculture residues can have several negative
environmental impacts. Biomass burning releases greenhouse gases [6], contributing to climate
change, and particulate matter and gaseous atmospheric pollutants [7-9], impacting air quality and
posing health risks to nearby communities. The cumulative effects on ecosystems are also significant,
as frequent burning disrupts soil structure, depletes essential nutrients, and can hinder natural
vegetation growth [10]. Over time, these disturbances may reduce soil fertility, alter biodiversity, and
weaken ecosystem resilience, potentially transforming land into degraded areas susceptible to
erosion [11] and invasive species [12]. Furthermore, in certain conditions, open burning may
inadvertently escalate into uncontrolled wildfires, intensifying the environmental impact and
heightening risks to public safety.

While open-burning is typically an unregulated practice, often carried out by non-experts,
prescribed fire differs greatly in many aspects, particularly in terms of safety, purpose, and
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environmental impacts [13]. Prescribed fires are carefully controlled burns conducted by trained
professionals to achieve specific management objectives like reducing wildfire fuel loads, enhancing
wildlife habitats, and supporting native vegetation [14,15]. Prescribed fires are subject to legal
regulations and follow a detailed plan that includes site mapping, weather monitoring, and safety
protocols, ensuring that they benefit ecosystems while minimizing risks and impacts [14].

The use of satellite remote sensing (RS) has been widely used to study fire phenomena. These
approaches typically include active fire detections, through the detection of thermal anomalies. The
detection of fire anomalies is usually carried through high temporal resolution satellites, equipped
with optical multispectral sensors, which often operate in the long-wavelength infrared range (e.g.,
MODIS, VIIRS, Sentinel-3) [16-19]. Instead, post-fire analysis, such as the determination of burned
extents or severity, often involves the use of higher spatial resolution satellites, which given the
persistent effects of fires, are not constrained by high revisiting time requisites (e.g., Landsat series,
Sentinel-2) [20-23].

Considering the environmental impacts of open burning of agricultural residues and the
relatively unknown locations and timing of these events, remote sensing holds significant potential
for providing valuable insights into these practices. However, the relatively low intensity and spatial
extent of these fires, combined with the fact that they often occur during cloudy conditions, which
severely hinder the operability of multispectral optical sensors, pose additional challenges for
satellite-based RS analysis.

This paper aims to determine whether small-scale open burning of agriculture residues can be
detected using RS. Moreover, it has the objective of identifying the best methods and products for
systematic analysis and validation. To achieve this, a series of case studies will be analyzed, involving
the testing of various satellite products and RS techniques. Additionally, the paper includes a
comparison of RS products and methods against a comprehensive dataset of open-burning requests,
serving as a 'best possible' validation reference.

2. Material and Methods

In order to verify the potential of analysis of small-scale open burning of agriculture residues
through RS, this study focuses on several cases studies with varying spatial extents: two local scale
analysis, which were validated on the field at ground level, and a systematic national scale analysis.

2.1. Case Studies

The two local scale analysis are located in the Northern Portugal mainland Figure 1 and
correspond to known events involving extensive controlled biomass burning (Figure 1 — Terras de
Bouro and Pévoa do Varzim). One of these events consists of a prescribed fire, which despite the
differences from agriculture open burnings - particularly regarding potential impacts on soil and
vegetation - was included to assess the capability of RS to monitor small-scale fires. The national level
analysis consists of a systematic analysis for the Portugal Mainland, between 2019 and 2023 (Figure
1 - Portugal Mainland).
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Figure 1. Location of the three case study areas: 1 — Terras de Bouro; 2 —Pévoa de Varzim; 3 — Portugal
Mainland (Coordinate Reference System: ETRS89/TMO06).

2.1.1. Terras de Bouro

The first local case study corresponds to several agriculture extensive burnings taking place on
nearby the Peneda-Gerés National Park, in Terras de Bouro (Figure 1 — Terras de Bouro Error! R
eference source not found.). These occurrences are a common practice in this region, particularly for
creating pastures [24]. Some of these events were observed during February 16th, 2023, and likely led
to significant local air quality degradation. While rural areas like this lack direct air quality
monitoring data, existing literature on small-scale experimental field fires provides valuable insights
into the potential air quality impacts of such activities, helping substantiate this assessment [25,26].
For example, [25] measured dangerously high average particulate matter concentrations (> 1000
pg.m-3) near the source during a shrubland burn (< 1 hour). Similarly, [26] demonstrated that
firefighters are exposed to air pollutions levels exceeding the Occupational Exposure Standard limits,
emphasizing the urgent need for preventive measures to mitigate these exposure risks. The
cumulative evidence from these studies suggests that even controlled burns can lead to significant
air quality degradation, reinforcing concerns about the local impacts of small-scale open-burning
agriculture practices. Although prescribed burns in Portugal require permits, the regulations focus
primarily on ambient conditions such as wind speed, relative humidity, and temperature to minimize
wildfire risk, rather than specifically addressing air quality impacts, as is common practice in the
United States of America (USA)[27].

According to the official yearly database of burned areas by the Institute for Nature
Conservation and Forests (ICNF) [28], this region also experienced several other events from January
31st to February 24th ,2023. Among those, 2 occurrences corresponded to intentional fires for hunting
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and wildlife management, 2 involved negligent pile burning of forest or agriculture residues, 3
negligent burning of forest or agriculture residues, 24 corresponded to negligent burning for pasture
management and 5 were arson fires (see Section 3.1).

2.1.2. P6voa de Varzim

The second local case study corresponds to two consecutive controlled prescribed fires occurred
in a recent clearcut of a Eucalyptus plantation, which took place in Balazar, Pévoa de Varzim, on
March 2nd and 4th, 2023 (Figure 1 - Pévoa de VarzimError! Reference source not found.). This event
was undertaken by the local Forest Association Portucalea in collaboration with Forestry sappers
from Vila do Conde and the Volunteer firefighters of Povoa de Varzim, firstly on March 2nd, as a
very controlled and low intensity burning along a thin strip of about 30 x 100 m (Figure 2), and on
March 4th another larger section within the same clearcutting plot (see Section 3.2). The fire was
conducted downslope, against the wind under a very low fire danger class. As with all prescribed
fires, this case study is not accounted by the ICNF yearly burned areas database.

Figure 2. Prescribed fire of March 2nd, 2023, nearby Balazar, Pévoa de Varzim.

2.1.3. Portugal Mainland

Besides the local case studies, this study also includes a national level analysis of agriculture
burning requests for Portugal mainland (Figure 1 — Portugal mainland). For such analysis we have
considered a national-level database of agricultural burning requests (ABR) for mainland Portugal,
provided by ICNF. Such database results from the current legislation (DL 82/2021, from October 13),
which states that agricultural residue burning is allowed between November 1st and May 31st on
days when the fire danger is not classified among the highest risk levels, with only the requirement
of notifying ICNF via an app or directly through local municipalities. The dataset includes 4 099 487
requests, covering the period from 2019/12/04 to 2023/11/30, containing information such as location
(parish, municipality, district), geographical coordinates, and, in some cases, additional data like the
type of burning, motive, burned area, and authorization status.

2.2. Fire Detection Methods

2.2.1. Active Fire Detections

The case studies have been analyzed in terms of active fire detections, initially by comparing
Fire Radiative Products (FRP), obtained from different satellite platforms. The FRP represents the rate
of outgoing thermal radiative energy, resulting from a burning fire, which is usually expressed in
megawatts (MW) [29]. Table 1 summarizes the FRP related products from Visible Infrared Imaging
Radiometer Suite (VIIRS), Moderate Resolution Imaging Spectroradiometer (MODIS), The Sea and
Land Surface Temperature Radiometer (SLSTR), and Spinning Enhanced Visible Infra-Red Imager
(SEVIRI), which were considered in this study.
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Table 1. Summary of FRP products considered in this study.

Instrument  Satellite  Spatial Resolution Tempo%‘al FRP product
Resolution
S-NPP VNP14IMGTDL_NRT [30]
IR 7 1 -
VIRS  NoAA-20 375m day VJ114IMGTDL_NRT[30]
Terra MOD14[30]
MODIS Aqua 1000 m 1 day MYDI4{30]
SLSTR Sentinel-3A 1000 m 2.3 day S3A_SL_2_FRP[31]

Sentinel-3B S3B_SL_2_FRP[31]
SEVIRI MSG! 3100 m 15 min LSA SAF SEVIRI FRP-PIXEL[32]
1 Meteosat Second Generation (MSG).

Despite the high temporal resolution of the considered FRP products, one of the key limitations
for detecting small fires is their limited spatial resolution. For this reason, in our study, we have also
considered the Landsat 8 and 9 platforms, which together have a revisit time of 8 days. In both cases,
these satellites are currently active and equipped with Thermal Infrared Sensors (respectively, TIRS
and TIRS-2), which offer 100 m spatial resolution, which represents a significant improvement in
respect to the FRP products of Table 1. However, each of these satellites is also equipped with the
Operational Land Imager (respectively OLI and OLI-2), which simultaneously image several
multispectral bands, operating from the visible to shortwave-infrared range, at 30 m resolution
[33,34]. The Landsat Active Fire and Thermal Anomalies product, produced by the joint NASA/USGS
OLI sensors on Landsat 8 and 9, is based on the algorithm developed by [18] and is currently available
for the continental USA, southern Canada, and northern Mexico [35]. Since our case studies (Section
2) fall outside these regions, we directly implemented the [18] algorithm to detect active fires in these
locations at 30 m resolution. This algorithm has been found to effectively detect fires in both daytime
and nighttime conditions, including small-scale events such as biomass burning, gas flares, and active
volcanoes. Despite recognizing minimal spectral and radiometric differences between the OLI and
OLI-2 sensors, we have implemented this algorithm with the same numerical conditional values for
both Landsat 8 and 9 images.

2.2.2. Estimation of Burned Extents

Unlike active fire detections, which require high temporal resolution due to the need to capture
the fire in progress, burned area estimation using satellite remote sensing is less demanding in this
regard. For active fire detection, the fire must be burning at the exact time the satellite image
acquisition, while cloud-cover free conditions are necessary for accurate detections [36]. In contrast,
post-burn analysis can take advantage of the lasting effects of fire—such as charred vegetation or
burn scars—that persist for extended periods after the fire has been extinguished [37]. This
persistence reduces the urgency of capturing the event at a specific time, thus allowing for the use of
satellites with higher spatial resolution but lower temporal frequency, as they are more likely to
acquire clear imagery of the burned area after the fire event.

Post-fire analysis using remote sensing are a common practice in disaster management and
environmental monitoring. The Copernicus Emergency Management Service often provides detailed
mapping and assessments of disasters, including wildfires, on a global scale. However, for smaller-
scale agricultural fires, which often don't trigger emergency protocols, alternative solutions are
necessary.

The MINDED-FBA tool [38], is a remote sensing based tool for determining flooded and burned
extents. The tool incorporates Optical Multispectral (OMS) and Synthetic Aperture Radar (SAR)
modules, which allow performing automatic multi-index differencing threshold selection procedures
aimed at image classification. The OMS module has been found to be particularly effective for
determining burned area extents, which is useful for validating active fire detections and evaluating
extensive biomass burning areas [22,39].
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The implementation of the MINDED-FBA tool requires the input of both pre-event (t0) and post-
event (t1) scenes, which are used to calculate a set of pre-defined indices, and single-index differences.
The tool performs automatic thresholding of these index-difference scenes, followed by density
slicing to classify pixels as ‘No Change’ (Nc), ‘Low Magnitude change’ (LMc), or ‘High Magnitude
change’ (HMc). These classifications are then combined into an overall map with a pixel-by-pixel
majority analysis. If no majority is found among the single-index difference classifications, that pixel
is assigned with the “‘Mixed’ class [22,39].

The MINDED_FBA tool was implemented for both the Terras de Bouro and Pévoa de Varzim
case studies, using the OMS module with Level-2 surface reflectance products derived from Landsat
and Sentinel-2 data [33,34,40] (Table 2). All the available pre-processing procedures were selected,
including cloud/cloud shadow masking, permanent water bodies masking (considering thematic
data from [41] as well as topographic correction (using ALOWS WORLD 3d - 30m, [42]). Since the
processing included Burned areas estimation, the resulting classifications (i.e., Nc, LMc, HMc and
Mixed) should correspond to burned-related changes.

The ICNF releases the yearly burned area dataset, which consists of a multi-source survey,
combining fieldwork and remote sensing interpretation. This dataset includes information about the
starting and ending date, location, type (e.g., negligent or intentional) and cause of fire (e.g.,
accidental, arson, pile or extensive residue burnings). This official dataset represents the best ground-
truth alternative for validating burned area extent estimations in Portugal [38].

Table 2. Pre- (t0) and post-event (t1) scenes processed with the OMS module of the MINDED-FBA tool [43,44].

Case study Pre-event scene Post-event scene
Terras de Bouro Landsat 9 OLI-2 Landsat 8 OLI
2023/01/31 2023/02/24
Pévoa de Varzim Sentinel-2B MSI Sentinel-2A MSI
2023/02/28 2023/03/15

2.2.3. Active fire detections of agriculture residue open-burning

Besides the satellite active fire detections and post-burn analysis, this study has considered the
ABR which was made available by ICNF for this study. Such dataset represents the best available
register of agriculture residue burning occurrences in Portugal. However, it should be highlighted
that neither all registered burns get to be executed, neither all burn activities are included in the ABR
database. In many cases, these practices are not undertaken (at least on the requested date), due to
unfavorable local weather conditions, which have a direct influence on the moisture level of the
biomass residues, which must be dry enough to allow burning. On the other hand, not all agricultural
burning requests are processed and integrated on the ICNF ABR dataset, as some municipalities are
still not integrated into this system. Finally, despite the legal requirements for registering such
practices, unauthorized burns remain widespread in Portugal.

To evaluate the capability of detecting open-burnings of agriculture residues through satellite
RS, we used geospatial analysis tools (ArcGIS Pro, v3.2.2) to intersect the ABR database with the
different RS fire detection products.

Beyond the direct intersection between both datasets, we implemented supplementary
procedures to address potential spatial and temporal inconsistencies between them. In respect to the
ABR database, we tested the application of distance buffers of 10 meters and 100 meters to account
for Global Positioning System (GPS) inaccuracies, as well as temporal buffers from the reported
request dates—including +1 day and +1 week. As for the FRP products, spatial buffers were
implemented in respect to each pixel centroid considering the corresponding sensor spatial resolution
(Table 1). The analysis of the intersections according to different buffering considerations, will
provide insights into the detection capabilities of different remote sensing products, the optimal time
windows for detection, and the characteristics of various types of agricultural residue burning.
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3. Results

3.1. Terras de Bouro

In Table 3, we can find the available products used for detecting active fires in Terras de Bouro
(as well as for the Pévoa de Varzim case study — Section 4.2). Regarding the FRP products, we have
listed the initial and end time of acquisitions from VIIRS, MODIS and SLSTR, including those scenes
resulting in positive and negative detections. As for SEVIRI, we have only listed the acquisition time
for positive detections, since this platform is capable of producing FRP products every 15 min.

For the Terras do Bouro case study, we can verify that most FRP detections during February
16th, 2023, correspond to the SEVIRI, with a total of 21 scenes with positive detections, particularly
concentrated within the 9:30-16:15 period. As for the remaining sensors, the VIIRS instruments
included most detections, including one from S-NPP during early nighttime period, which was
neither detected by VIIRS/NOAA-20 or MODIS/Aqua at around the same period. As for daytime
detections, all satellites registered positive detections from 10:50 to 14:30. Using the Daytime Active
Fire Detection Algorithm, we could also find positive detection for February 16th, using the Landsat
9 OLI-2 SR data.

In Figure 3a, we can verify that all FRP acquisitions from February 16th have been detected
northern to the Terras de Bouro village, corresponding to 14 detections for SEVIRI, 10 for VIIRS, 4 for
MODIS and 3 for SLSRT. The most southern detection corresponds to the single nighttime detection
provided by VIIRS/S-NPP (02:12-02-18, previously mentioned from the analysis of Table 3), which
recorded a relatively low magnitude FRP (4.9 MW) (Figure 3 b). The improved spatial resolution of
the Landsat 9 OLI-2 seems to indicate that 6 different active fires took place around 11h, which seems
to demonstrate a good spatial correlation with the remaining lower resolution FRP products (Figure
3c). The highest magnitude FRP detections were obtained from SEVIRI/MSG (744 MW) and
SLSTR/Sentinel-3B (72.0 MW), MODIS/Terra (56.1 MW) and VIIRS/NOAA-20 (35.8 MW). For such
higher magnitude FRP detections, the pixel centroids from VIIRS/NOAA-20 and MODIS/Aqua are
located within less than 1 km in respect to the SLSTR/Sentinel-3B pixel centroid) (Figure 3b).

Moreover, in Figure 3a, we have also included every positive detection in terms of FRP for VIIRS,
MODIS and SEVIRI, during the antecedent and following days to February 16th. For these periods
(as well as for the subsequent national-level analysis in Section 4.3), we have not included the
SLSTR/Sentinel-3 data, since we could not find any readily available catalog in archive mode (e.g.,
NETCDF). Within both periods, most detections were registered by SEVIRI (respectively 107 and
100), followed by VIIRS (51 and 74) and MODIS (5 and 9).

Regarding the MINDED-FBA map (Figure 3f), which was produced for the whole January 31st
to February 24th period, we can find several areas classified as Low Magnitude changes. Such areas
seem to have a good spatial correlation with both FRP and DAFDA, as well as with the ICNF yearly
burned area dataset. The few pixels classified as ‘Mixed’ resemble “salt-and-pepper” noise [22,39].

The analysis of the ABR dataset map (Figure 3d), from January 31st to February 24th, indicates
a total of 389 requests. Among these, there are only 3 records corresponding to extensive burning
requests (all from February 7th), while the remaining correspond to burning requests for agriculture
residues (31/01-15/02: 311; 16/02: 23; and 17/02-24/02: 52). When comparing the ABR database (Figure
3d) with the remaining datasets, there are few apparent spatial correlations with either active fire
detections (Figure 3a and Figure 3b) or post-burn extents (Figure 3f and Figure 3e). The few
exceptions seem to correspond to a couple of extensive burning requests from 07/02/2023, which seem
to have been detected by VIIRS. However, such detections have occurred on 06/02/2023 (from 2:01 to
2:49), which corresponds to a -1 day difference. However, when applying a distance buffer equivalent
to each satellite instrument resolution (Table 1), we found 156 intersections with SEVIRI,
corresponding to 11 burning requests and 2 extensive burning requests. However, if we extent the
temporal window to minus or plus 1 day, we find 358 intersections with SEVIRI, 2 with VIIRS and 1
with MODIS. Among these, correspond to 29 agriculture burning requests, and 2 extensive burnings.
Likewise, if we consider a temporal window of minus or plus 1 week, we obtain 1565 intersections
with SEVIRI, 6 with MODIS and 4 with VIIRS.
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Table 3. Acquisition times of FRP and Surface Reflectance products considered to perform active fire
detections for the Terras do Bouro and Pévoa do Varzim case studies, including positive (*) and

negative detections [30,32,43,44].

FRP SR
Case Date VIIRS MODIS SLSTR SEVIRI Landsat 9
tud i
sy S-NPP NOAA20  Terra Aqua Se’;;“el Sentinel 3B MSG* OLI2
00:15; 09:30;
09:45; 10:00;
10:15; 11:00;
Terras 01:18-01:24 Egg’ 1;2(5)’
12-02:18t 03:00-03: -50-10:55t 02:10-02: _ 02-11:07t 0 U
de  16/02/2023 02:12-02:18t 03:00-03:06 10:50-10:55* 02:10-02:15 11:02-11:07 14:15; 14:30; 11:13-11:14*
13:36-13:42t 12:42-12:48t 21:55-22:00 13:15-13:20% 22:22-22:27
Bouro 14:24-14:30" 15:00; 15:30;
i ’ 15:45; 16:15;
19:00; 19:15;
20:00; 21:00;
23:30
02:48-02:54 01:54-02:00 02:10-02:15 10:39-
02/03/2023 12:30-12:36 03:36-03:42 ;ﬁzzgjg 02:15-0220  10:42 ;g:ézig:ﬂ
Pévoa 14:12-14:18 13:18-13:24* ’ ’ 13:20-13:25 21:59-22:02 ’ ’
de 01:18-01:24 1(1);:1238 02:00-02:05 - -
Varzim 04/03/2023 02:12-02:18 03:00-03:06 21:20_21:25 03:35-03:40 10:39-10:42 10:48-10:51
13:36-13:427 12:42-12:48* ’ ’ 13:05-13:10 21:59-22:02 22:08-22:11
14241430 25221304 45 1450
’ ’ 23:00-23:05 ’ ’

(*) - The MSG/SEVIRI is capable of acquiring and producing FRP products every 15 min, therefore only positive

acquisitions are listed.
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Figure 3. Terras de Bouro: a) Date of Active thermal anomalies detected with the Fire Radiative Power
obtained from VIIRS (S-NPP & NOAA-20), MODIS (Terra & Aqua)] and SLRS(Sentinel-3B)
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[30,32,43,44]; b) Magnitude of Active thermal anomalies detected with the Fire Radiative Power (FRP
[MW]) obtained from VIIRS (S-NPP & NOAA-20), MODIS (Terra & Aqua)] and SLRS(Sentinel-3B)
[30,32,43,44]; c) Detections of the Daytime Active Fire Algorithm from Lansat-9 OLI-2 data [18,43]; d)
Agriculture Burning Requests (ABR) [43]; e) Burned area related changes obtained from the
MINDED-FBA tool [38,43]; ) Official yearly database of burned areas [28,43] (Coordinate Reference
System: ETRS89/TMO06).3.2. Pévoa de Varzim.

Regarding the Povoa de Varzim case study, the analysis of Table 3 includes one positive
detection from VIIRS/NOAA during March 2nd, and two positives for March 4th, with both VIIRS
(S5-NPP and NOAA), all during the early afternoon period.

The analysis ofError! Reference source not found. Figure 4a and Figure 4b allows verifying that
only one detection occurred on March 2nd, which registered the lowest magnitude of FRP (1.9 MW).
For March 4th, VIIRS/S-NPP included another detection, which resulted in the overall maximum of
FRP magnitude (16.9 MW), while NOAA-20 detected the other two points (with 4.1 and 4.2 MW). In
the Sentinel-2B scene from March 3th (i.e., corresponding to the day in between the two controlled
fire events) (Figure 4c), it is possible to confirm the outline of the first fire from March 2th (Figure 4a),
which pixel centroid is located within circa 100 m (i.e., below the VIIRS spatial resolution size) from
the fire perimeter of that day (Figure 4e). As for March 4th, the other 3 points are also located within
a distance under the VIIRS spatial resolution limit.

Regarding the MINDED-FBA results (Figure 4d), we can verify the detection of both High
Magnitude and Low Magnitude changes, which have a good spatial correlation with the overall fire
perimeter. However, besides the Mixed pixels, which once again resemble ‘salt’-and-pepper’ noise,
it is also possible to find other patches of Low Magnitude change pixels distributed around the
Eucalyptus clear-cut plot. When comparing Sentinel-2 scenes from February 28th (Figure 4a), and
March 15th (Figure 4d) (which corresponds to the t0 and t1 scenes used to implement the MINDED-
FBA tool), it is possible to verify that such Low Magnitude change pixels seem to be related with
land-use changes, particularly from plowing operations external to the study area.

Regarding the ABR dataset, we can find a single register for March 2nd, corresponding to a
burning request, which has been located on the access pathway adjacent to the plantation plot, with
approximately 100 m distance from the overall burned area (Figure 4c).
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Figure 4. Pévoa de Varzim: a) Date of Active thermal anomalies detected with the Fire Radiative
Power obtained from VIIRS (S-NPP & NOAA-20) [30,44]; b) Magnitude of Active thermal anomalies
detected with the Fire Radiative Power (FRP [MW]) obtained from VIIRS (S-NPP & NOAA-20) )
[30,44]; c) Agriculture Burning Requests (ABR) [44] ; d) Burned area related changes obtained from
the MINDED-FBA tool [38,44]; and e) Location of Eucalyptus clearcut plantation, and prescribed fire
perimeters [44] (Coordinate Reference System: ETRS89/TM06).

3.3. Portugal Mainland

In addition to the two local case studies, we conducted a systematic comparison for mainland
Portugal between remote sensing detections of active fires and ABR from 2019 to 2023.

Regarding the active fire detections, we have considered those FRP products which were readily
available in archive catalogues within the considered period. These included VIIRS (S-NPP and
NOAA-20), MODIS (Terra and Aqua), and SEVIRI (Meteosat Second Generation). After acquiring all
available FRP products, we applied spatial buffers to account for the resolution of each product and
performed direct spatial intersections with the ABR coordinates (Table 4). This intersection resulted
in 3,410 matches, including 3,044 from SEVIRI, 312 from MODIS, and 54 from VIIRS. In addition to
assessing total number of intersections, we have also analyzed the number of unique burning
requests that resulted in at least one detection using the FRP products (Table 5). This analysis
considered both types of agricultural burning requests, resulting in 1,239 standard burning requests
and 132 extensive burning requests.

Table 4 also includes the total number of intersections when additional spatial buffers (10 m and
100 m) and temporal buffers (+1 day and +1 week) are applied. The results indicate that the temporal
buffers substantially increase the number of intersections compared to the spatial buffers. While the
total number of intersections between the FRP products and the ABR dataset is 3,410, adding spatial
buffers of 10m and 100m, results in an overall increase of 1% and 13%, respectively, compared to the
origininal dataset. Instead, applying a temporal buffer of +1 day, increases intersections by 171%,
rising to 174% and 205% when combined with the spatial buffers of 10m and 100m, respectively. The
effect of a temporal buffer of +1 week is even more pronounces, increasing the intersections by 1302%,
and respectively 1,314% and 1,438% when combined with both 10m and 100m spatial buffers. As for
the individual sensors, this increase results even greater for SEVIRI, followed by VIIRS and MODIS.

As for the unique burning request analysis (Table 5), we observe a similar effect from the
different buffering parameters. Introducing 10m and 100m spatial buffers results in increases of 1%
and 14%, respectively, while applying +1 day and +1 week temporal buffers alone leads to increases
of 143% and 972%. When combining a 10m spatial buffer with #1 day and +1 week buffers, the
increases reach 147% and 982%, respectively, whereas a 100m buffer combined with +1 day and *1
week rises to 173% and 1,077%. The impact of both spatial and temporal buffers is more pronounced
for standard burnings than for extensive burnings, with maximum increases of 1,182% and 92%,
respectively, under the +1 week and 100m buffer configurations. Comparing Table 4 with Table 5
shows that the total number of detections is substantially higher than the unique number of requests.

Figure 5 presents a comparison between the time series of Active Fire detections and the ABR
database, highlighting their overall intersections (without any spatial or temporal buffers). From the
analysis of Figure 5a, we observe a significant number of fire detections during the summer months
of 2023, 2020, and 2022 (mainly in July and August), as well as a secondary period of high frequency
after January 2023. In contrast, in of Figure 5b, the ABR data appears more evenly distributed, with
peak activity occurring from late autumn to early spring (October to May). The overall intersections
between both datasets (Figure 5c) show significantly lower counts but tend to follow the same
seasonal pattern as the ABR database, with peaks occurring from late autumn to spring. However,
certain months with high ABR counts (e.g., November-December 2022), do not show a corresponding
increase in the intersection series.

Figure 6 shows the distribution of the different FRP instruments and times of day when
intersections with the ABR occur (again without any buffers). Among VIIRS and MODIS, most
detections occur from morning to early afternoon, corresponding to the acquisition times of most
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instruments. Another period of detection is observed during early dawn (02:00 to 03:30), particularly
from NOAA-20 and S-NPP. For the remainder of the day, SEVIRI is the only instrument detecting
active fires, with the highest detection period generally occurring between 16:00 and 23:30. In terms

of FRP magnitude, SEVIRI records the highest values, followed by MODIS/Aqua and VIIRS (S-NPP
amd NOAA-20).

Table 4. Intersection between different FRP products with Agriculture Burning Requests, considering
different additional spatial buffers (10 m and 100 m), and different temporal buffers (0d, +1 day, and

+lweek).
Without spatial buffer Buffer 10 m Buffer 100 m
od *1d 1w od +1d *lw od #1d  #w
';:: VIIRS 54 104 344 56 108 352 67 125 419
g MODIS 312 494 1,087 331 524 1,147 472 769 1,703
£  SEVIRI 3,044 8,648 46,384 3,071 8,710 46,720 3,324 9,508 50,323
5 Total 3,410 9246 47,815 3,458 9,342 48,219 3,863 10,402 52,445

Table 5. Unique request types detected with FRP products (including VIIRS, MODIS and SEVIRI),
considering different additional spatial buffers (10 m and 100 m), and different temporal buffers (0d,
*1 day, and +1week).

Without spatial buffer Buffer 10 m Buffer 100 m
od #1d 1w od +1d +lw od *1d +lw
3 B Burning 1,239 3,173 14,475 1,255 3,214 14,604 1,406 3,562 15,887
‘-_E < g..Extensive 132 160 222 136 166 229 154 186 254
5 £ Total 1,371 3,333 14,697 1,391 3,380 14,833 1,560 3,748 16,141
(a)
(b)
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Figure 5. a) Timeseries of Detections of Active Fires (from FRP products); b) Timeseries of Agriculture
Burning Requests (ICNF); ¢) Intersections between Active Fire Detections and Agriculture Burning
Requests (ABR), without buffers (Bin size = 1 week).
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Figure 6. Frequency of intersections between FRP (by satellite) and ABR (without buffers) according
to: a) instrument and time of the day; b) Magnitude of FRP power [MW].

4. Discussion

The results of this study demonstrate the capability of various remote sensing products to detect
small-scale agricultural fires and prescribed fire interventions.

In the local-scale case study of Terras de Bouro, which involved multiple extensive agricultural
burnings, we found a strong spatial correlation between FRP products from all instruments
considered (VIIRS, MODIS, SLSTR, and SEVIRI) and the Daytime Active Fire Detection Algorithm
applied to a Landsat 9 OLI-2 scene (at 30m spatial resolution). Despite implementing the [18]
algorithm to a Landsat 9 OLI-2 scene, using the same numerical conditional values originally
indicated for Landsat 8 OLI, we were still successful in detecting a potential daytime active fire.
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Additionally, we observed a good correlation with post-fire analysis, including the MINDED-FBA
results derived from surface reflectance products of Landsat 8 and 9 scenes (also at 30 m resolution).
The extent of the burned areas was further confirmed by the official yearly burned area dataset from
ICNF, which attributes most of these fires to negligent extensive burnings for pasture management.
However, when comparing to the Agriculture Burning Request dataset, the correspondence was
more limited and concentrated primarily in extensive burning requests.

For the Povoa de Varzim case study, which focused on a smaller area with a low-intensity
controlled prescribed fire for fuel management, carried out over two days, we found that only VIIRS
(5-NPP and NOAA-20) detected active fires. This suggests that, despite the small scale of the event—
especially on March 2, when the burned area was approximately 3,400 m? — VIIRS S-NPP successfully
detected the fire, even though the event's size was several times smaller than the instrument's pixel
resolution (375 m, corresponding to an area of over 140,000 m?). Other FRP products from MODIS,
SLSTR, and SEVIRI failed to fire on either day, likely due to insufficient spatial resolution for such
small events.

Although the ICNF yearly burned area dataset was unavailable for this case, fire-related changes
were identified using the MINDED-FBA tool and Sentinel-2 imagery (with 20 m spatial resolution).
Despite detecting several high-magnitude changes within the known burned area, these classification
results are likely not indicative of high burn severity. Indeed, the small extent of the study area may
exacerbate the weight of fire-related changes relative to the overall image statistics (hence affecting
the results of automatic thresholding). Additionally, the MINDED-FBA outputs included also low-
magnitude changes that should not be related to fires but are instead caused by land-use changes
related to plowing. This indicates that, despite the pre-processing steps, the tool is still sensitive to
producing false positives in such cases, which is anyway to be expected, as this is a non-supervised
classification method. Nevertheless, the MINDED-FBA tool seems to effectively resolve much of the
salt-and-pepper noise, as these pixels are classified as ‘Mixed.’

Regarding the Agriculture Burning Request database from ICNF, the Pévoa de Varzim case
study only includes one record corresponding to this event. Such findings suggest that, as may be the
case with many similar instances, these practices do not always occur at the exact requested locations
and dates, whether due to unfavorable conditions or user-induced inconsistencies. Therefore, these
findings justify the introduction of additional considerations in the subsequent systematic analysis
of mainland Portugal.

This national-scale analysis of Portugal’s mainland was conducted for the period from 2019 to
2023. In this analysis, we identified a significant number of correspondences when intersecting the
FRP and ABR databases (Figure 5 and Table 4). To account for potential spatial and temporal
inaccuracies in the ABR dataset, we applied spatial buffers of 10m and 100m to the ABR coordinates,
along with temporal buffers of +1 day and +1 week relative to the ABR entry dates. These assumptions
resulted in a substantial increase in the number of intersections with the FRP products, with the
temporal buffer yielding a much larger increase compared to the two spatial buffer scenarios.
Nevertheless, the maximum total number of potentially detected individual requests —16,141 (with
a 100m buffer and +1 week)—remains significantly lower (less then 1%) than the total number of
requests recorded in the ABR dataset for the 2019-2023 period (4,099,487). This discrepancy is likely
due to the following conditions:

1. Not every request resulting into an actual burning;

2. Inconsistencies in the reported location coordinates and/or dates (extending beyond the considered
spatial and temporal buffers);

3. Non-favorable cloudy conditions during the satellite image acquisition, which may prevent accurate
or any FRP measurements;

4. Insufficient spatial and/or temporal resolutions of the acquiring sensors;

5. A combination of one or more of the above-mentioned conditions.

By considering the best available reference datasets for both agriculture burning requests and
official yearly burned areas, both provided by INCF, the results of this study highlight the benefits
and limitations of using remote sensing products for detecting small agriculture.
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For example, it seems that for Portugal mainland, the current setup of satellites capable of
producing FRP with sub-1 km spatial resolutions, is mostly concentrated during the daytime. The
remaining periods are in some cases, only covered by SEVIRI, which includes the worst spatial
resolution among the instruments considered (i.e., 3km). Despite their spatial resolution limitations,
we found the lowest resolution sensors — SEVIRI and MODIS - resulted in the highest FRP
magnitudes [MW].

For systematic analysis of small agricultural fires, such as the recurrent practices of burning in
Portugal, FRP products seem to be particularly effective for detecting extensive burnings, such as
those used for pasture creation. However, for smaller and low severity events, such as those observed
in the Pévoa de Varzim case study, higher-resolution satellite data can progressively detect smaller
fires. In particular, the VIIRS satellites offer the best compromise between temporal and spatial
resolutions. Nevertheless, the Povoa de Varzim prescribed fire is still considerably larger than many
agriculture small-scale burning events, such as those involving pile burning of biomass residues,
which are typically only a few meters wide.

As shown by [18], such small-scale piles could, in theory, be detected with the Active Fire
Detection Algorithm using OLI sensor images. However, the combined revisit time of Landsat 8 and
9 (8 days) is insufficient to consistently detect the majority of these events, as they tend to have small
spatial extents and short durations. Nevertheless, including some detections may still represent an
advance over current air quality models. In the future, it would be valuable to explore how FRP data
could be used in conjunction with the ABR database to create prediction models for small-scale fire
events. This would require systematic ground-level truth checking, improved temporal and spatial
accuracy of the ABR database, and more detailed descriptions of each record.

5. Conclusions

This study demonstrates the capabilities of various remote sensing products and approaches for
detecting small-scale fires. The analysis of two local case studies shows that active fire detection
products, specifically fire radiative power from VIIRS, MODIS, SLSTR, and SEVIRI, have strong
spatial correlations with higher-resolution data, including both active fire detections and post-burned
analysis from Landsat 8, Landsat 9, and Sentinel-2. However, limitations are also found, particularly
in detecting small-scale agriculture fires. Fire radiative power products appear most effective for
detecting extensive burnings, such as those used for land clearing and pasture creation. Additionally,
this study analyzes two consecutive small-scale prescribed fires. Although these fires differ in
purpose and typically occur under more controlled conditions, they further confirm that detecting
smaller-scale active fires becomes progressively more dependent on the spatial resolution of each
product. Among the tested products, VIIRS-equipped satellites offer the best compromise between
temporal and spatial resolutions among the tested FRP products.

In addition to the local case studies, a systematic national-level analysis intersecting multiple
active fire detection products with a national agricultural burning request database revealed limited
correspondence. Such analysis included the application of spatial and temporal buffers to account for
potential discrepancies in the agriculture burning request dataset, which significantly increased
intersections, although they still represented less than 1% of the total unique request entries.
Nevertheless, this agricultural burning request dataset, while the best available, does not represent
actual ground-truth validation, as not all requests result in burnings, and many unregistered
negligent burnings occur.

Despite these limitations, even partial detections have the potential to be valuable for multiple
purposes, such as regulatory monitoring, wildfire risk management, and refining atmospheric
emission estimates —ultimately leading to more accurate air quality assessments. Future efforts could
explore how active fire detection products could be combined with agriculture burning request
databases to develop predictive models for small-scale fire events. This would require systematic
ground-level validation, improvements in the temporal and spatial precision of the request database,
and more comprehensive descriptions of each entry.
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