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Abstract: Planted forests in South Africa have been affected by an increasing number of economically
damaging fires over the past four decades. They constitute a major threat to the forestry industry
and account for over 80% of the country’s commercial timber losses. Forest fires are more frequent
and severe during the drier drought conditions that are typical in South Africa. For proper forest
management, accurate detection and mapping of burned areas are required, yet the exercise is
difficult to perform in the field because of time and expense. Now that ready-to-use satellite data
are freely accessible in the cloud-based Google Earth Engine (GEE), in this study, we exploit the
Sentinel-2-derived differenced normalized burned ratio (dNBR) to characterize burn severity areas,
and also track carbon monoxide (CO) plumes using Sentinel-5 following a wildfire that broke over
the southeastern coast of the Western Cape province in late October 2018. The results showed that
37.4% of the area was severely burned, and much of it occurred in forested land in the studied area.
This was followed by 24.7% of the area that was burned at a moderate-high level. About 15.9% had
moderate-low burned severity, whereas 21.9% was slightly burned. Random forests classifier was
adopted to separate burned class from unburned and achieved an overall accuracy of over 97%. The
most important variables in the classification included texture, NBR, and the NIR bands. The CO
signal sharply increased during fire outbreaks and marked the intensity of black carbon over the
affected area. Our study contributes to the understanding of forest fire in the dynamics over the
Southern Cape forestry landscape. Furthermore, it also demonstrates the usefulness of Sentinel-5 for
monitoring CO. Taken together, the Sentinel satellites and GEE offer an effective tool for mapping
fires, even in data-poor countries.
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1. Introduction

Commercial plantation forests in South Africa are repeatedly exposed to various
disturbances such as insect pests [1], and disease [2], invasive alien species [3], drought
stress [4], and fire [5]. Of these, fire constitutes the greatest threat to the sustainability
of the country’s forestry industry as it accounts for nearly 87% of the losses suffered by
commercial plantations [5]. This warrants concern because nearly 600,000 ha of damaged
plantations has been attributed to forest fires since 1980 [5], and this problem is expected
to increase with climate warming. The impact of forest fires has a large bearing on the
country’s economy; for example, the 2017 fires in the Southern Cape Forestry region cost
R2 billion (USD 134,998,460) to the South African insurance industry [6]. Additional costs
are incurred when trees younger than harvesting age are accidentally burned, which then
require felling, clearing, and replanting [5]. Moreover, forest fires are known to influence
atmospheric processes by freeing large quantities of carbon [7], provoke plants with in-
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vasive characteristics [8], alter forest structure [9], and threaten the lives of communities
living on the periphery of forested areas [10].

The formulation of suppression and monitoring strategies against forest fires neces-
sitates reliable information on fire behavior, particularly with regard to those factors that
create favorable conditions for fire outbreaks [11,12]. Several studies have associated forest
fires with a variety of factors such as forest canopy fuels [13], amplified sources of igni-
tion linked to the human population [14], the proliferation of flammable plants [15] and
drought [16,17]. Hitherto, a growing number of studies report the increase in forest fires in
the tropics and subtropics during extended drought conditions [18–21]. These conditions
are typical of the forestry region of South Africa in the Western Cape province [22], where
this study is conducted. The vulnerability of this region to destructive forests fires is
attributed to the synergistic effects of drought and flammable fynbos vegetation, which
simultaneously are conducive to fires [23]. This is a great concern to the stability of the
forestry industry [24] since the probability of similar fires in the future is growing [25].

During late October and early November 2018, relatively dry weather conditions
prevailed over the southern Cape forestry region and created favorable conditions for
forest fires that destroyed extensive areas of plantation forests [26]. Two wildfires occurred
in succession, the first broke from human-induced point ignition on the 24th October and
the second incident was ignited by lightning on the 29th October [26]. This was by far
the most intense and widespread fire incident, surpassing all wildfires in this region in
the previous century [27]. What may exacerbate matters further is that trees damaged
by fires are prone to diseases, and may add additional management costs to the forestry
industry [28]. As such, forest fires have become a common feature of the Southern Cape
forestry region and an inevitable consequence of the country’s fire-prone vegetation and
warm, dry climate [28]. Hitherto, information on burned land use/cover classes in this
area remains inconclusive, and this provides a partial explanation of why this study was
purposefully devised.

The assessment of forest fire generally involves field surveys, which are efficiently
conducted for small areas [29]. However, the assessment of forest damage in larger areas is
difficult and expensive [30]. Given the expected rise in forest fires globally [31], innovative
computing approaches using remote sensing are required to deliver quicker and affordable
evaluations of larger affected areas [32] and have been successfully adopted to evaluate
burn severity worldwide [33–35]. Remote sensing enables the systematic and flexible
recording of burned areas and also provides insights into the agents responsible for these
outcomes [36]. Besides burnt area mapping, remote sensing is used successfully to detect
active fires [37].

The manifestation of forest fires was detected by means of near-daily satellite platforms
such as the Advanced Very High Resolution Radiometer (AVHRR), Moderate Resolution
Imaging Spectrometer (MODIS), and Medium Resolution Imaging Spectrometer (MERIS)
with coarse (>250 m) spatial resolution [38,39]. Their near-daily revisit cycle is valuable
and practical to record fire signatures, but they are unavailable to detect small burned
areas, particularly in regions with limited and highly fragmented fires [40,41]. In such
areas, these satellite products also suffer methodological limitations in respect of assigning
specific vegetation types to the burned area [42], which are crucial for understanding the
ecological effects of fire [43]. Because accurate information on burned areas is a prerequisite
for effective fire management [44], fine-scale satellite imagery is required to provide a
reliable depiction of burned areas [45]. The Sentinel satellite constellations are uniquely
suited to monitor forest fires as they provide unrestricted high-resolution images with
near-daily acquisitions [46,47], the only one of its kind to deliver rich and affordable global
observations so far. This facility also includes the monitoring of fire-emitted gases such
as carbon monoxide (CO) with the latest Sentinel-5 sensor [48]. However, the lack of
processing tools for these datasets is a major constraint on their utilization, particularly in
countries with limited resources.
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The emergence of unrestricted cloud-based computing resources such as Google Earth
Engine (GEE) has enabled unprecedented access to petabytes of geospatial data (i.e., com-
plete Sentinels archive) with diverse processing functions, and this has leveled the ground
for users in data-poor countries and their counterparts [49]. The GEE’s powerful parallel
computing infrastructure facilitates on-demand and on-the-fly production of complex
geospatial products at varying geographic and time scales without the necessity of super-
computers [50,51]. Its capabilities were demonstrated in various applications [52], however,
few studies have exploited GEE for burned area monitoring over forested landscapes so
far [53]. For example, Bar et al. [54] compared the performance of three machine learning
approaches for forest fire burned area detection based on Sentinel-2 and Landsat-8 data
within the GEE framework. Their results showed superior classification accuracies of
97–100% for classification regression tree (CART) and RF algorithms, while the support
vector machine (SVM) achieved slightly lower accuracy. Similarly, Seydi et al. [55], used
Sentinel-2 and machine learning algorithms within the GEE platform to detect wildfire
damage in Australia, and they detected burned areas with accuracies from 82% to 92%.
Konkathi and Shetty [53] also compared post-fire burn severity indices from Sentinel-2 and
Landsat-8 and achieved comparable results in mapping burn severity for both sensors; the
relativized NBR showed high accuracy over heterogeneous landscapes followed by dNBR
and the relativized burn ratio performed relatively weaker. Castillo et al. [56] successfully
mapped Amazon Forests with accuracies from 82% to 98% using Sentinel-2 and Landsat-8
images within the GEE environment. In addition, studies such as Praticò et al. [57] ex-
ploited machine learning algorithms within GEE to classify Mediterranean forest landscape,
and their results successfully achieved accuracies from 80% to 83% based on Sentinel-2
with RF and SVM. These studies have demonstrated high potential for GEE to monitor
fire-induced forest damage, and as such, burned area mapping is expected to increase
because users have access to these facilities wherever they are located.

Sentinel-2 has become an attractive source for burned area monitoring because of its
superior spectral properties, including the red-edge bands suited for chlorophyll content
characterization [58], which provides the means to create novel indices for burn severity
mapping [59]. Several previous studies have evaluated forest fires using the normalized
burn ratio (NBR) with a high degree of success [47,60]. The NBR exploits the near-infrared
(NIR) and short-wave infrared (SWIR) regions of the electromagnetic spectrum [61]. This
index is well-suited to detect fires in vegetation because the variations in the NIR usually
represent the changes in the photosynthetically active vegetation, which is reduced by fire,
whereas the modifications in the SWIR reflect moisture content [62,63]. Indeed, fire results
in a sharp contrast between the NIR and SWIR records [64]. Additionally, previous studies
have used the NBR variants, of which the differenced normalized burn ratio (dNBR) is
commonly applied [65]. The dNBR is a bi-temporal image differencing performed on pre-
and post-fire NBR images [64,66], to distinguish burn severity levels [65]. The fire category-
based dNBR has become a practical reference to obtain burn severity information [67,68].

In this study, we present a quick and affordable method for monitoring burned
forest areas using Sentinel-2-derived NBR and dNBR indices within the GEE framework.
Furthermore, we demonstrate the capacity of data from the recently launched Sentinel-5
satellite to track CO as one of the trace gases emitted during the burning of vegetation.

2. Materials and Methods
2.1. Study Area

This study was conducted in the southern Cape forestry region of South Africa,
between the towns of George (33.97◦ S, 22.75◦ E) and Knysna (34.22◦ S, 23.28◦ E), extending
towards the foothills of the Outeniqua Mountains in the Eden District Municipality of the
Western Cape province (Figure 1). Elevation ranges from 150 to 1400 m above sea level.
Ecologically, this area falls in the eastern coastal fynbos shrublands, which are in a poorly
studied part of the Cape Floral Kingdom (CFK) [69].
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The main vegetation type across the area studied, as shown in Figure 1, includes
commercial plantation and natural forests as well as the fire-prone fynbos vegetation, com-
prising fine-leaved, medium-sized sclerophyllous shrubs, which are highly flammable [70].
Plantation forests have become fragmented and dispersed and replaced large areas of
fynbos [71]. The area has a temperate climate with average rainfall ranging from 800 to
1078 mm throughout the year (peaking in April and October); the daily average tempera-
tures are 20 ◦C in summer and 12 ◦C in winter [72]. Hot and dry katabatic winds prevail in
autumn and winter and are associated with highly threatening fire conditions [69]. Despite
this pattern, fires occur throughout the year in this region as overall weather conditions
suitable for fire are progressively less seasonal towards the studied area [69].

2.2. Burned Severity and Quantification of Burn Area for Each Land Use/Cover Class

The 10-m Sentinel-2 constellation with its combined potential 5-day revisiting pe-
riod has become attractive for time-sensitive events such as burned-area mapping. The
Sentinel-2 datasets usable for vegetation mapping were extracted and processed through
the JavaScript code editor in the Google Earth Engine platform. All the images we used
were near cloud-free. We filtered imagery dates predating (16 October) and postdating
(12 November) the fire event to enable the computation of normalized burned ratio (NBR;
Key and Benson [61])—the most widely used index for the mapping of burned areas. NBR
is calculated as the difference between the near-infrared (NIR) and shortwave near-infrared
(SWIR) bands over their sum (Equation (1)). The basis of the NBR is that fire alters veg-
etation so that its removal and replacement by charcoal spectrally reduces the NIR and
increases the SWIR signals [64].

NBR =
NIR − SWIR
NIR + SWIR

(1)

Using NBR as defined in Equation (1), we calculated the dNBR as illustrated in
Equation (2). The dNBR has become a standard fire severity measurement [60] as it is a
criterion to understand burned severity levels [66]. The dNBR ranges from –2 to +2 with
high positive values representing severely burned areas. The severity levels proposed by
Key and Benson [64] are listed in Table 1.

dNBR = NBRprefire − NBRpostfire (2)
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Table 1. Severity levels and the differenced normalized burn ratio (dNBR) range.

Severity Level Color Code dNBR Values

Unburned <–0.1
Low severity 0.1–0.26
Moderate-low 0.27–0.43
Moderate-high 0.44–0.65
High severity >0.66

We also adjusted the dates corresponding to the fire record and used the SWIR (B12,
1290 nm), NIR (B08, 842 nm) and red (B04, 665 nm) bands to display active fire and
smoke. Here, we highlight the prominence of Sentinel-2 data for active fire detection as a
verification tool, particularly fire incidents that span five days or more.

The South African Land Cover Classification for 2018 was used to extract polygons
for each class within the study area in Environmental Systems Research Institute (ESRI)’s
ArcMap environment. The polygon for each class was ingested into the GEE, after which
burned severity was calculated. Polygons with large geometry were split to enable the
computation of burned areas.

2.3. Carbon Monoxide and Black Carbon Data

The Sentinel-5 Precursor satellite launched on 13 October 2017, carrying the Tropo-
spheric Monitoring Instrument (TROPOMI), provides daily global information on the
concentrations of key atmospheric constituents, including carbon monoxide (CO) [73].
TROPOMI observes the global atmosphere daily with a fine resolution of 7 km × 3.5 km [74]
and enables the detection of even smaller CO plumes. In this study, we used TROPOMI
Offline stream through the GEE code editor to assess the CO column density over the
southern Cape forestry region where forest fires between late October and early November
2018 destroyed plantations near the town of George.

Black carbon surface mass concentration data obtained from the Modern Retrospective
Analysis for the Research Application (MERRA-2) model were used in this study. Addi-
tionally, this is because black carbon is released by incomplete combustion of biomass [75],
and it was employed here to illustrate its presence over the fire-affected area.

2.4. Wind Data

We also used MERRA-2 3-hourly averaged surface wind speed data (m/s) at 0.5◦ × 0.625◦

grid-level, from 26 October to 29 October 2018. This was used to depict wind conditions
over the study area.

2.5. Reference Data

We identified 150 samples for each burned and unburned class from the high-resolution
CNES/Airbus satellite imagery available from Google Earth Pro. The imagery was acquired
on 12 December 2018—few days after the fire incident in the studied area. Burned patches
were clearly distinct from unburned vegetation, and a historical imagery function was used
to verify vegetation conditions. The samples were randomly distributed throughout the
fire zone. Sample layers were converted from the keyhole markup language to shapefile
format in the Environmental Systems Research Institute (ESRI) ArcMap environment and
later imported to GEE for classification, as shown in Figure 2.
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2.6. Random Forests Classification, Validation and Variable Contribution

The accuracy of a classifier entails the probability that it will correctly classify a
random set of examples [76], in our case, burned and unburned classes. The classification of
burned and unburned classes was performed using the Random Forests (RF; Breiman [77])
algorithm available in the GEE platform. The choice for RF algorithm application in this
is influenced by its success and extensive use in burned area valuation studies [54]. RF
uses ensemble methods with multiple tree-type classifiers to attain better predictions and
it builds a perfect forest of random uncorrelated DTs to achieve the best possible result [77].
The number of trees was set to 30, while the number of predictor variables at each node
was set at the square root of the input variables used in the model [78], which is 4 in
our case. Certainly, some spectral bands/ratios are more important than others for the
classification, and it was established that when more spectral bands are included, the
accuracy is improved until a certain threshold is reached [79]. Here, we used 16 input
variables, which included Sentinel-2 bands excluding aerosol and water vapor bands
displayed in Table 2, NBR, NDVI, NDWI, NDWI1, and texture. The aerosol and water
vapor bands were excluded because of their irrelevance to burnt area mapping [80]. We
followed Nomura and Mitchard [81] by incorporating a texture index in the classification
because it is known to increase accuracy [82], in our case, this was computed from the
standard deviation of NBR. The samples were randomly divided into 70% for training the
classifier and 30% for validating datasets. The procedure was reiterated 1000 times and the
proportion of correctly classified entries in the validation dataset was documented using
the overall classification accuracy.

Table 2. Spectral bands of the Sentinel-2 imagery.

Spectral Band Band Name Wavelength Spatial
Resolution (m)

B1 Coastal aerosol 442.3–443.9 nm 60
B2 Blue 492.1–496.6 nm 10
B3 Green 559–560 nm 10
B4 Red 664.5–665 nm 10
B5 Red edge 1 703.8–703.9 nm 20
B6 Red edge 2 739.1–740.2 nm 20
B7 Red edge 3 779.7–782.5 nm 20
B8 NIR 833–835.1 nm 10

B8A Near infrared narrow 864–864.8 nm 20
B9 Water vapor 943.2–945 nm 60

B10 SWIR cirrus 1376.9–1373.5 nm 60
B11 SWIR 1 1610.4–1613.7 nm 20
B12 SWIR 2 2185.7–2202.4 nm 20
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We also performed the RF variable importance within the GEE environment to find the
spectral bands and ratios that mostly contributed to the overall burned area classification.
We used the decrease in node impurities measured by the Gini index for this purpose. The
variable with the highest Gini index was considered the most important compared to the
other input variables in the Sentinel-2 imagery.

3. Results and Discussion
3.1. Burned Area Mapping

Figure 3 shows a burned area from Sentinel-2 imagery; (a) pre-fire image, (b) post-fire
image and (c) the spatial distribution of burned area detected in the study area using NBR.
The burn scars in the post-fire image are clearly noticeable. Burned areas are characterized
by residues of charcoal and ash, removal of vegetation, and modification of the vegetation
structure [83].
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3.2. Burned Severity Analysis

The areal extent of the burned area over the study area is presented in Table 3 and
had a definite yet relatively simple configuration (Figure 4). As shown in Table 3, almost
two-thirds (90,551 ha) of the study area was highly burned, with high and moderate-
high categories accounting for 37.4% and 24.7%, respectively; much of this is spatially
concentrated in the central interior where forested lands are dominant. The remaining
55,322 ha was slightly burned, with 15.9% for the moderate-low category and 21.9% for the
low. These classes showed a patchy distribution spread across the study area.
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Table 3. Proportion of burned areas by severity class.

Severity Level Burned Area (ha) Percentage

High 54,583 37.4
Moderate-high 35,968 24.7
Moderate-low 23,299 15.9

Low 32,023 21.9
Total 145,873 100
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3.3. Burned Area by Land-Use/Land Cover Class

The studied fire affected five dominant land use/land cover classes, and the results
are illustrated in Figure 5. A large burned area occurred within the forested area (53.4%),
most of which were natural forests (35.4%) and 18.0% comprising commercial planted
forest. This was followed by the grasses and shrubs category with 24.4%, while cultivated
land represents 21.1% of the burned area. The smallest class is that of wetlands with 1.1%.
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Different terrain conditions are displayed in Figure 6. Figure 6a,b show the smoke
over planted forests during the fire incident, which claimed eight lives in a forest village
and destroying several structures, including the Sawmill (Figure 6d) [26].
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3.4. CO, BC and Wind Analysis

We elaborate here on the above analyses by demonstrating the capability of Sentinel
to track fire-generated products such as carbon monoxide. In this case, fires were observed
using Sentinel-2 and CO emissions through the recently launched Sentinel-5, which carries
TROPOMI.

Fires burning in the plantation forests in the southern Cape, as captured by Sentinel-2
imagery on 12 October 2018, are shown in Figure 7). The exploitation of SWIR, NIR and
the red bands make it possible to detect active fires and the resultant smoke plume rising
into the atmosphere, as can be seen from Figure 7a. The Sentinel-2 imagery was captured
during the occurrence of this fire event; otherwise, this sensors’ 5-day temporal cycle may
limit the detection of active fires. As previously stated, all currently obtainable active
fire detection products are derived from coarse spatial-resolution sensors of not less than
250 m, presenting a serious challenge for detecting smaller fires [84]. Such fires are often
less damaging than bigger ones, but they still contribute to ecological and atmospheric
dynamics [42]. In agreement with Roteta et al. [84], Sentinel-2 fine-scale product would
assuredly enhance the amount of the total burned area, when cloud detection as the major
source of commission errors was improved.

Forest fires emit several products of combustion into the atmosphere including trace
gases such as CO [85]. In this regard, the CO column density during the study period was
mapped over South Africa using Sentinel-5 with the results displayed in Figure 7b. The
figure shows that the CO concentrations were highest over the study area, with small red
patches scattered across the country and medium-low to medium-high (yellow/purple)
densities recorded in the northeastern parts. The time series of CO column density, which
narrowed over the study area from 5 July 2018 to 20 May 2020, is displayed in Figure 7c.
During this period, CO had a column density averaging 0.023 mol/m−2. The exceptional
increase in CO from 0.038 mol/m−2 on 26 October 2018 to 0.083 mol/m−2 on 27 October,
and peaking at 0.098 mol/m−2 on 28 October, coincides with a prominent fire that con-
sumed many hectares of plantation forest in this area. Again, a marked increase in CO
from 0.054 mol/m−2 on 2 November 2018 to 0.094 mol/m−2 on 3 November 2018 is noted.
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These patterns are consistent with fire events in succession, first in late October and the
second at the beginning of November [26]. This means that there is a lag time of 2 days.
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Figure 7. (a) The forest fire burning in the Witfontein Plantation during October–November 2018 as
recorded by the Sentinel-2 satellite; (b) Carbon Monoxide column density as measured by Sentinel-5;
(c) daily Carbon Monoxide column density over the study area between 5 July 2018 and 20 May 2020.

We extended the above analysis by analyzing black carbon as well as surface wind
speed over the fire-affected region, and the results are shown in Figure 8. The surface winds
were used to identify the dispersion direction of the biomass burning plume produced
by the fire event. The observations show that there are higher concentrations of BC
(1.6 × 10−8 kg/m3) that decrease from the central burned area over the southern Cape (see
Figure 8a). This observation corroborates CO column density captured by the Sentinel-5
as displayed in Figure 7b above. Wind speed appears to be stronger from sideways but
weakens towards the studied area, converging southwards. Our findings are consistent
with FSA [26] in that extreme winds with gusts of up to 100 km/h raged some areas of the
Garden Route, while areas around George had weaker winds (Figure 8b). This implies that
the fire plume persisted over the affected area and slowly dispersed towards the coast.

3.5. Accuracy Assessment

We classified burned and unburned areas using RF, and the results are displayed in
Table 4. Accuracy levels per class were consistently high for both burned and unburned
classes, with producer accuracy of 98% to 97% and user accuracy of 97% and 98%, respec-
tively (Table 4). The RF achieved an overall accuracy of 98%. These results are comparable
with Seydi et al. [55], who detected burned areas with accuracies ranging from 82% to 91%
within the GEE environment.
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Table 4. Accuracy assessments for burned and unburned classes.

Producer’s Accuracy (%) User’s Accuracy (%) Overall
Accuracy (%)Burned Unburned Burned Unburned

98 97 97 98 98

3.6. Variable Contribution

On detecting burned areas using Sentinel-2, the RF variable importance exercise
identified texture, NBR and NIR as variables that contributed most to the overall burned
area classification (Figure 9).

In summary, we presented a quick and affordable approach for monitoring burned
areas within a GEE platform. The GEE offered a convenient environment for classifying
burned areas and also facilitated the identification of variables that contributed most to
burned area detection when using Sentinel-2. Our results successfully showed potential
for GEE resources to estimate burned land use/cover classes with great fidelity. This is
comparable to Seydi et al. [55], who quantified burned classed using the same platform.
The mapping of forest fires contributes a major component of forest fire management,
and the rich information recorded by Sentinel’s constellation of sensors allows much-
improved characterization and identification of forest fires than previously, particularly
when implemented in the GEE environment, which can be easily accessed and adjusted to
select dates that best suit the ecosystem of interest. The methodology reported here may
be readily replicated through time and can be used for other agricultural activities prone
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to fire damage. Moreover, this methodology holds much promise for the South African
government to estimate burned land use/cover classes with greater accuracy.
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4. Conclusions

The results in this study demonstrate the great potential of freely available Sentinel-
2 satellite data and the respective derived ratios to map fire damage in the fire-prone
landscape of the Southern Cape in South Africa. Using the differenced normalized burned
ratio (dNBR) derived from Sentinel-2, we successfully tracked the extent of burned areas
and the corresponding severity of the damage to the vegetation that succumbed to fire with
accuracies exceeding 97% based on RF. The RF also identified texture, NBR, and NIR as the
most important variables in the classification. The forested area was the most affected class.
We also analyzed the pattern of carbon monoxide (CO) plumes recorded by Sentinel-5,
with a marked peak during the fire incident. Most of the region was accounted for by
forestry, whereas the remainder of the area represented the fynbos biome. Overall, CO was
a reliable indicator for tracking fires and can be used in combination with remotely derived
vegetation indices for a national fire assessment and monitoring framework. Moreover,
our study reaffirmed the GEE-based tools as efficient resources in facilitating the rapid
generation of burned area outputs.
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