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Abstract: Fire is a process of disturbance of natural ecosystems that can be used for land management
and soil preparation for agricultural purposes, but can also drastically affect biodiversity and the
distribution and abundance of species by changing land use and altering the microclimate. The
analysis of data on thermal anomalies has become a valuable tool for the study of places with low
monitoring of the occurrence of fires. In this study, information from the MODIS sensor was used to
analyze the spatio-temporal distribution of fires in the five natural regions of Colombia (Caribbean,
Andean, Pacific, Orinoquia, and Amazon) in the period of 2000-2020. Nevertheless, MODIS fire
hotspots present some difficulties in estimating the magnitude of fire activity, due the relations
between active fires and burned areas, which are not constant in space and time. The method used in
this work consisted to performance an inter-annual and intra-annual analysis of thermal anomalies
data and identifying the incidence of temperature in the occurrence of fires. The fire density (defined
as the number of fires per unit area) and the fire trends over the study period were also analyzed.
Inter-annual fire peaks were recorded in 2004 (8.21%) and 2007 (8.04%), and three main fire hotspots
were identified in the Orinoquia, Andean, and Caribbean regions. Moreover, 87% of fire peaks
were observed in the dry season (December—-March). On the other hand, the highest incidence of
thermal anomalies occurred in the Orinoquia region (83409 =+ 185 fires), and the highest incidence of
fires per unit area was recorded in the Andean region (0.162 & 0.086 fires—km2-year). Fire activities
varied strongly according to region and year over the study period. Significant correlations were
observed between temperature and fire density in the Andean (Rho = 0.7506), Pacific (Rho = 0.7364),
and Caribbean (Rho = 0.5571) regions. Thus, temperature seem to be a driver of fire density in
these regions.

Keywords: fires; Colombia; fire density; fire season; hotspot; MODIS; remote sensing

1. Introduction

Forest fires are considered one of the main phenomena responsible for the transfor-
mation of terrestrial ecosystems, causing alterations of various magnitudes to the soil,
vegetation, fauna, water (quality and availability), and air (CO; emission) [1-3]. These
are complex events that occur because of natural processes and human factors. They are
considered disasters that impact the earth’s environment and cause economic losses to
people, such as those related to decreased income from land use, destruction of property,
damage to agriculture, and the loss of biodiversity [4]. Due to wildfires, accelerated erosion
occurs which threatens the natural regeneration process, as well as biodiversity and biotic
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natural capital recovery [5,6]. Moreover, due to damages to vegetation, increased runoff
is observed after intense rainfall, increasing the likelihood of flooding under post-fire
conditions [7].

Global carbon emissions from fires are difficult to quantify, and have the potential to
influence inter-annual variability and long-term trends in atmospheric CO, and CHy [8,9].
Climate change, such as fast warming, rather than a stable climate, increases wildfire
risk [10]. In particular, the combination of hotter summers with higher frequencies of
droughts and thunderstorms have favored the occurrence of wildfires [11].

Although fire can be a natural mechanism in many ecosystems, human actions have
altered natural regimes, because they are an integral part of the dynamics of ecosystems [12]
and are considered a natural regulator of natural landscapes since time immemorial [13-16].
The above leads to a loss of the ability of ecosystems to provide ecosystem services that help
to reduce the intensity, magnitude, and spread of catastrophic fires [17]. A combination of
edaphic, human, and climatic factors contributes to bushfires. High terrain steepness, coupled
with elevated summer temperatures, increased wind velocity, and fuel availability on the forest
floors or bushlands, usually results in significant damage and widespread fires [18].

Colombia is a developing country enriched by biodiversity and natural ecosystems.
However, it is also prone to the various environmental hazards, such as bushfires, observed
in its diverse landscape [19-21]. Previous studies on fire activity in Colombia have identified
the Orinoquia region (whose ecosystem is savannah-dominated) as the region where fires
occur most frequently, followed by the Amazon and Caribbean regions [20].

Wildfires play an important role in ecosystem balance by reviving healthy species,
extinguishing pests and diseases, and providing nutrients for better regeneration dynamics,
especially in savannah ecosystems dynamics [12,16], but the most dramatic effect is related
to the rapid spread of fire over large areas. In Colombia, the monitoring of fire occurrence
is carried out by the Institute of Hydrology, Meteorology, and Environmental Studies
(IDEAM); therefore, IDEAM is responsible for monitoring burned areas. However, access
to these areas and data collection are often difficult due to logistical and operational
factors that restrict the quantity and quality of the data, which have only been available on
IDEAM'’s platform since 2010. Other limitations include the fact that Colombia covers a
large area, which makes it difficult to monitor; spatial analysis is a technique that provides
useful tools to evaluate forest fires, as well as their causes and consequences [22,23].

Fire hotspots are identified as real-time or satellite-based active fire detection [24-27].
In this regard, study hotspots consist of the buffer zone impact, and are determined by fire
density clustering methods [27]. In addition, these methods are widely used to observe
multiscale spatial variations in the frequency of point-based observations, such as fire
ignition points [27-29]. In addition, use of the MODIS hotspot data allows researchers to
represent the spatio-temporal distribution of fires [30]. Thus, fire hotspots can provide
effective information to optimize firefighting strategies and resource allocation [31].

Fire patterns were analyzed through hotspots in Colombia between 2000 and 2020 to
determine the spatial-temporal distribution of fires. Consequently, four research questions
were addressed: (1) Where are the main fire hotspots in Colombia located? (2) Do the
periods of fire occurrence and fire peaks vary among regions? (3) What are the changes
in fire variables over the recent decade? (4) What is the incidence of temperature in the
generation of fires in the different regions.

2. Materials and Methods
2.1. Study Area

The study area is represented in Figure 1 and shows Colombia, a country located in
the tropic zone at north of South America at 12°26/46 North, 4°13/30 South, 66°50'54 East,
and 79°02'33 West. Colombia has a surface of 1141748 km?2, to which are added the marine
and underwater platforms, as well as the coasts on the Pacific and Atlantic oceans. The
climatic and landscape diversity is determined for the five natural regions, namely: the
Andean region, made up of three divisions of the Andes Mountains; the Amazon region,
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considered the lung of the planet due to the huge forest area; the Caribbean region, located
on the north coast of Colombia; the Orinoquia region, with huge plains and grass areas;
and the Pacific region, which has exuberant vegetation and high humidity [32].
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Figure 1. Map of the spatial distribution of active fires in Colombia, showing main fire hotspots.

The annual cycle of rains in Colombia obeys three types of regimes: unimodal (a
wet season and a dry season), bimodal (two wet seasons and two dry), and mixed (a
combination of both). In general, the unimodal regime prevails over the bimodal and the
mixed. The unimodal regime occurs in the south and center of the Caribbean region and in
the north of the Andean region, in the Orinoco and Amazon regions, and in the north of
the Pacific region. The bimodal and mixed regimes occur mainly in the Andean region and
the north of the Caribbean region, in La Guajira. The Pacific region observes the occurrence
of the four-rainfall regime [33].

2.2. Data and Sources

Data from 21 years (2000-2020) of thermal anomalies, detected by the Moderate-Resolution
Imaging Spectroradiometer (MODIS) sensor, by The Fire Information for Resource Man-
agement System (FIRMS-NASA) (https:/ /firms.modaps.eosdis.nasa.gov/) (accessed on 11
November 2021), were used. In other works, such as the one carried out by Chuvieco et al.,
2005 [34] on the evaluation of NOAA-AVHRR and TERRA-MODIS images for the regional
cartography of burned areas, the benefits of this second sensor have been identified, since
it offers better spatial resolution and bands better adapted to the radiometric characteristics
of recently burned areas, especially those in the SWIR region. In the case of MODIS, the
confusion between burned areas and water can be resolved through synthetic spectral index. In
addition, MODIS images were pre-processed by NASA, including geo-referencing, conversion
to reflectivity values, and multi-temporal composites.

Specifically, we used the Terra and Aqua satellites; this data was based on the
MCD14ML series, and the minimum size (resolution) of the data was 1 km. With this
information, a density surface was constructed to identify the areas that presented the
highest number of fire events in Colombia for the period analyzed. The MODIS data that
were used have a confidence value ranging from 0% (lowest confidence) to 100% (highest
confidence) [35]. Fire detections with confidence values > 80% (high confidence class) were
selected in order to minimize the number of false alarms [36-38]. Then, a density surface
was constructed to identify the areas that presented the highest number of fire events
per unit area. MODIS fire products have had to improve their algorithms to overcome
the limitations of this product, which include lack of fire detection due to cloud cover,
dense smoke, and dense tree canopies, the occurrence of fires between satellite overflights,
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and fires that are too small or too cold [8,39-41]. These drawbacks were improved with
Collection 6 [35]. The number of daily hotspots is used to identify fire-periods and the
important dates of major hotspot peaks during the fire-periods. The regional dataset of
monthly average temperature (°C) was obtained from the Climate Engine open access
service (http://climateengine.org/) (accessed on 7 November 2021).

For the treatment of the geographic data, QGIS 3.0 software was used to process
data. Analysis of the burned areas in each region, through the period of 2000-2020, was
also carried out using this software. The fire data were downloaded in text format, each
file providing information about the location (longitude, latitude), date, confidence level
of the estimate, and satellite that detected each fire. Based on the numerical size of fire
density, fire-prone regions were identified. A ‘fire-prone’ region is defined as a region with
above-average fires over the study period.

Spearman’s rank correlation tests (due to the lack of normality of fires and climatic
data) were used to examine the correlation between fire density and the variables tempera-
ture and precipitation in the five natural regions [21].

3. Results and Discussion
3.1. Colombia’s Regions and Their Relationship with Fire

The relationship between ecosystems and fire varies depending on the type of ecosys-
tem, all ecosystems not being related equally to fire. This relationship varies in terms of nat-
ural fire regimes, and, based on this, they can be classified into fire-sensitive, fire-dependent,
and fire-independent ecosystems [42]. The most affected biomes in Colombia are the sa-
vannahs, grasslands, and tropical shrubs, followed by tropical humid forests [17,21]. In
the Orinoquia region, crops are the main driver of forest loss, while in the Amazon region,
deforestation is mainly due to fires related to the colonization front [43].

Colombia’s regions also differ in climate; indeed, the Orinoquia and Caribbean regions
are relatively dry (rainfall in the dry season < 50 mm per month). The Orinoquia region is
a sparsely populated, relatively flat region dominated by grasslands and pastures, with
some areas of small-scale agriculture and considerable gallery forest associated with its
extensive river network. The Caribbean region, is highly transformed, dominated by
grasslands with few remnants of natural vegetation, and only a few patches of dry forest.
On the other hand, the Amazon region is more humid, with an annual rainfall greater than
2000 mm/ year, whereas the Pacific region comprises an extremely humid area (rainfall
greater than 10000 mm/year) in the western part of the country [21]. In addition, the
Amazon region has high and permanent rainfall, little variability in temperature, and a
relative humidity always very close to the saturation point. This region contains the largest
extension of forest in Colombia, and, although it is sparsely populated, it has one of the
most active colonization fronts in the country. The Pacific region has a humid to super-
humid tropical climate, and is considered one of the wettest regions in the world, with
annual rainfall ranging from 4000 mm to more than 10000 mm in some places. This region
is also sparsely populated, and is recognized worldwide as one of the most biologically
and culturally diverse areas in the world, containing indigenous and Afro-American
reserves [21].

3.2. Active Fires Spatial Distribution

Over the study period (2000-2020) there were 555,919 active fire occurrences with a
confidence level above 80%. The annual distribution analysis of the thermal anomalies
dataset was not homogeneous (Figure 2); the year 2004 registered the highest number of
fires (45,640 fires), representing 8.21%, followed by 2007 with 44,672 fires (8.04%) and 2003
with 38,882 fires (6.99%). The year 2000 was the least active, with only 12496 fires (2.25%),
followed by 2001 (2.49%). Further, great variability between regions was found. Fires were
more abundant in the East (Orinoquia region) than the South (Amazon region), especially
in the dry season; this result agrees with other studies [21]. The Orinoquia region recorded
the highest concentration of hotspots (83,409 & 185 fires) visible on the fire map (Figure 1);
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in this region, fires were strongly associated with the expansion of the agricultural and
livestock frontier, due to changes in land use [44,45], followed by the Caribbean region
(15,081 £ 60 fires). Fewer hotspots were observed in the Andean region, with 5528 + 16 fires,
as well as the Pacific (3313 £ 9 fires) and Amazon regions (5382 £ 252 fires). Over the
21 years, the total number of MODIS active fires was 112,713 £ 71. These results corroborate
what was stated in the study carried out by Viviana Cecilia Chivata Lopez in 2017 [46],
which concluded that the most-affected plant covers correspond to savannahs, grasslands
and pastures, stubble, crops, dense natural forest, and xerophytic vegetation, characteristic
of the Orinoquia region and some areas of the Caribbean and Andean regions.

M Fires
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Figure 2. Annual distribution of fires (%) in Colombia from 2000 to 2022. The highest peak can be
observed in 2004, followed by 2003 and 2007, respectively.

In general, fires in Colombia increase during the dry season, with the Orinoquia
and Caribbean regions being the most affected. In addition, for the most part, fires in
the Orinoquia region are mainly induced as a traditional cultural practice to improve the
quality of pastures for livestock and expand the agricultural frontier [47], while in the
Caribbean region fires are the result of complex interactions between regional and local
biophysical and anthropogenic factors, more related to local climatic processes linked to
the variability of both intra-annual and inter-annual rainfall [20].

3.3. Fire Density Variations

The average fire density in Colombia was 3.2 x 107 4 1.77 x 10~ fires km 2 year~ 1.

However, many variations were observed by region. When ranked in descending order
using the 21-year data set (Figure 3), the Amazon region, located in the south, had the
lowest fire density (average of 0.001 = 0.001 fires km 2 year~!), while the central Andean
region registered the highest fire density (0.162 + 0.086 fires km~2 year—!). Based on
comparison to the national average, among the five natural regions of the country, only
three (Andean, Orinoquia, and Caribbean) were identified as being prone to fire.
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Figure 3. Average fire density per year in natural regions of Colombia over a 21-year period (2000
to 2020).

Based on the previous identification of the fire-prone regions, and taking into account
the density of the fires, shown in Figure 4, it is possible to consider the grouping of these in
three main fire foci as contiguous areas of high risk. The critical fire points are located in
the regions with the highest fire density, identifying the areas that were most affected [48].
These three major fire hotspots were designated (from highest to lowest fire density) as:
Central, East, and West Hotspots. Hotspot 1 is located in the Andean region, east of its
great savannahs; Hotspot 2 is made up of the Orinoquia region; and Hotspot 3 is located in
the Caribbean region (Figure 1).
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0,000 o

Andean Orinoquia Caribbean Pacific Amazon
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Regions

Figure 4. Average number of active fires per year in natural regions of Colombia over a 21-year
period (2000 to 2020).



Fire 2022, 5, 134

7 of 12

3.4. Fire Seasonality of the Regions over the Period 2000-2020

Fire peaks occur during the dry season, normally between December-March, in the
Orinoquia, Amazon, and Caribbean regions, while in the Pacific and Andean regions fire
peaks are observed both in the months of December-March and between August and
September. During the months of December—March, around 71% of the occurrence of fires
in the country was recorded (Figure 5), a period that corresponds to the dry season in most
regions [49]; the lowest fire occurrence was registered in October [50]. Furthermore, the
highest incidence of thermal anomalies occurred in the Orinoquia region [21,51].
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Figure 5. Temporal distribution of active fires in Colombia, by month, from 2000 to 2020.

In the Andean and Pacific regions there are two annual fire peaks, similar to those
evidenced in a study of fires in South Africa [52], but in contrast to a study carried out in
the Ivory Coast, in which a fire peak was recorded of single fires [48], as observed in the
Orinoquia, Caribbean, and Amazon regions (Figure 6).
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Figure 6. Temporal distribution of fire occurrence by month in Colombia regions: (a) Orinoquia;
(b) Amazon; (c) Andean; (d) Caribbean; (e) Pacific.
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3.5. Relation between Fire Density and Temperature in the Main Fire Hotspots

The correlation between fire density and temperature showed the presence of a positive
correlation, yielding a significant correlation between these variables for the Andean
(Rho = 0.7506, p = <0.0001), Pacific (Rho = 0.7364, p = <0.0001), and Caribbean (Rho = 0.5571,
p = <0.0087) regions (Table 1). The presence of autocorrelation between fire density and
temperature was explored by calculating a Spearman’s Rho correlation using annual data
from the studied regions. In other words, an increase in temperature may be one of the
aspects of fire generation in these regions.

Table 1. Spearman correlation (Cs) between fire density and temperature in the main fire hotspots.

Regions
Amazon Andean Caribbean Orinoquia Pacific
Cs Cs Cs Cs Cs
0.1117 0.7506 * 0.5571 * 0.3429 0.7364 *

* In bold, significant values are p < 0.010.

Some targets for future works could be fire severity assessment by means of multi-
temporal comparison between pre- and post-fire satellite images using the differenced
Normalized Burn Ratio (ANBR) spectral index, fire severity being an essential analysis for
the establishment of post-fire effects. In addition, the analysis of other variables as drivers
of fire is suggested.

4. Conclusions

This research shows the dynamics of fires in Colombia during the last two decades,
identifying high-risk regions and fire seasons. Three fire-prone regions were identified in
eastern, central, and northern Colombia, the savannah areas having a higher incidence of
fires. Most fires occur in the dry season (December—March). However, the period of fire
occurrence and fire peaks changes slightly according to region.

This study showed that 2004 and 2000 recorded the highest and lowest number of
fires in Colombia, respectively. Although most fires occur in the Orinoquia region, when
calculating fires by area density it was found that the most affected region was the Andean
region. The Orinoquia region has approximately twice the size of the Andean region, but
considering that the savanna ecosystem predominates in the Orinoquia region, which is
prone to fire, there was a greater occurrence of fires. However, only the Andean, Pacific,
and Caribbean regions showed a significant positive correlation between temperature and
number of hotspots.

It is hoped that this study will help improve fire forecast abilities in Colombia, and
lead to mitigation against climate change by reducing active fires.
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