Design of a Forest Fire Early Alert System through a
Deep 3D-CNN Structure and a WRF-CNN Bias
Correction

The following document contains supplementary material from the article “Design of a Forest Fire
Early Alert System through a Deep 3D-CNN Structure and a WRF-CNN Bias Correction”.

Section S1. 3D neural networks characteristics

Table S1. 3D-CNN structure and characteristics. Notice that this network forecasts the wind

components and the 2m temperature

Type of Layer Output Characteristics
Convolutional 3D (1,7,6,32) Kernel size = (56,2,2)
MaxPooling 3D 1,3,3,32) -
Batch Normalization (1,3,3,32) -
Convolutional 3D (1, 2,2,64) Kernel size = (1, 2, 2)
MaxPooling 3D (1,2,2,64) -
Batch Normalization (1, 2,2,64) -
Convolutional 3D (1,2, 2,64) Kernel size = (1, 2, 2)
MaxPooling 3D (1,1,1,64) -
Flatten (64) -
Batch Normalization (64) -
Dense (1598) Activation function = Tanh
Batch Normalization (1598) -
Dense (1598) Activation function = Tanh

Table S2. 3D-LSTM structure and characteristics. Notice that this network forecasts the wind speed,
2m dew point temperature and precipitation. The convolutional layers have a dropout of 0.4, and the

recurrent layer has a drop out of 0.2 to avoid overfitting.

Type of Layer Output Characteristics
Convolutional 3D (1,7,6,32) Kernel size = (56,2,2)
MaxPooling 3D (1,3,3,32) -
Batch Normalization (1,3,3,32) -
Convolutional 3D (1,2,2,64) Kernel size = (1, 2, 2)
MaxPooling 3D (1, 2,2,64) -
Batch Normalization (1,2, 2,64) -




Convolutional LSTM (1,2, 2, 64) Kernel size = (1, 2, 2)
Flatten (64) -
Batch Normalization (64) -
Dense (1598) Activation function = Tanh
Batch Normalization (1598) -
Dense (1598) Activation function = Tanh

Section S2. WRF-Model parameterization setup

The model uses the Thompson microphysics scheme [1], which was improved by [2]. The model also
uses the Grell-Freitas cumulus scheme ([3] modified by [4]) and the RRTMG long—short wave radiation
([5] modified by [6]). The subgrid-scale turbulent fluxes were resolved with the Smagorinsky 2D
scheme [7], the YSU-PBL scheme was used for the boundary layer [8] and the surface fluxes were
calculated using the Monin—Obukhov similarity theory [9].

Section S3. WRF-1D description

Before describing the WRF-1D procedure, it is important to clarify the difference between the
executions for Cundinamarca. Cundinamarca was validated for 160 days and was then BIAS corrected
with a trained neural network with 5 years of simulations run. This BIAS correction technique is
described in this section.

The variables used are: relative humidity, 2m air temperature, 10m wind components (u and v),
convective rain, nonconvective rain, downward shortwave radiation, surface longwave radiation, latent
heat flux, sensible heat flux, vertical velocity and planetary boundary layer height. These variables were
also subject to a Variance Inflation Factor (VIF) analysis before including them [10], and all were
selected to be used in the neural net since the collinearity was less than 5 [11]. The variables were
extracted from the WRF output as a time series from the pixel that was in the same location as each
station. These variables were input into the network as a matrix in t = 1 (24h in the future), which refers
to the future or the predicted day. This was combined with the relative humidity, 2m temperature,
precipitation and 10m wind speed from each of the 8 stations evaluated in Cundinamarca. The station
variables had null values, so an imputation technique was performed following Mogollon-Sotelo et al.
[12]. These variables were included in the X-matrix at t = 0 (24h prior), which refers to the present day,
not the future. In other words, the X-matrix was constructed with 14 variables, 10 from the WRF output
as a time series in t=1 and 4 from the stations in t=0.

The Y-vector was constructed by a time series in every one of the five station variables in t=1 so that
the output coincided with the WRF output. Thus, the network was trained multiple times, one for each
station and one for each output variable, except for the precipitation. The precipitation had to be
included by averaging the stations that were in a pixel of the model so that they could be evaluated [13].
Hence, this variable did not change per station but per pixel, different from the others that changed
depending on the station, not the pixel. After the training was finished, 160 days were validated using
the 10A, the Rho, the RMSE and three categorical parameters, the HIT, FAR and POC (see Celis et
al.’s [14] Supplementary Material to see the equations and definitions), but only in the station sites.
These categorical parameters were used for the FWI, calculated using the model output. It is important
to mention that the three neural networks were designed using Tensorflow-2.4.1[15] and Keras-2.4.3
[16] libraries from Python-3.8.

Section S4. Forecast variables and data input/output



Table S3. Ranges of spectral indices used to categorize vegetation density (NDVI) and humidity
(NDWI). Note that the moisture levels are expressed in terms of water stress and waterlogging.

Spectral index Class ID

Dense vegetation: 1 (1 <= NDVI > 0.6)
Moderate vegetation: 2 (0.6 <= NDVI > 0.4)
NDVI Low vegetation: 3 (0.4 <= NDVI1>0.2)
Nonvegetation (barren land/built up/ rock): 4 (0.2 <= NDVI > 0.0)
Nonvegetation (water): 5 (0.0 <= NDVI)

Total canopy cover: 1 (1 <= NDWI > 0.8)

Very high canopy cover: 2 (0.8 <= NDW!I > 0.6)
High canopy cover: 3 (0.6 <= NDWI > 0.4)
Mid-high canopy cover: 4 (0.4 <= NDWI > 0.2)
Average canopy cover: 5 (0.2 <= NDWI > 0.0)
Mid-low canopy cover: 6 (0.0 <= NDWI > -0.2)
Low canopy cover: 7 (-0.2 <= NDWI > -0.4)
Very low canopy cover: 8 (-0.4 <= NDW!I > -0.6)
Almost absent canopy cover: 9 (-0.6 <= NDWI > -0.8)
Bare soil: 10 (-0.8 <= NDWI)

NDWI

Table S4. Land cover classes and its correspondent 1D category

Land Cover Class Class ID
Water (DWAT/SWAT) WAT = (DWAT: 1; SWAT: 2)
Clouds CL:3
Snow Sl: 4
Dense Forest/Dense Shrub TCD: 5
Open Forest/Shrub TCL: 6
Dense Shrub SHR: 7
Dense Grassland/Open Shrum GRS: 8
Sparse Grassland/Sparse Shrub SPV: 9
Light soil/rocks/sand OLL: 10
Dark soil/rocks/sand OLD: 11
Shadowed/Low Illuminated SVv: 12




Vegetation

Shadowed Soil/Burnt Areas

SS: 13

Nondata

NA: 0




Section S5. Global Vulnerability

Table S5. Multicriteria evaluation matrix of global vulnerability criteria of scientific references.

Social Vulnerability

Ecological Vulnerability

Demogra Types of
Occup Social |Institution . phic . . Vegetal [ Endemis
. . . . Economic .| covers | Strategic Soil
Reference ation | Adja PrQX|m Resporlse _and road all_ty Land Use | condition cha_racterl (adaptati | ecosyste | WUI |character Frag_ment cover' m and Recovgry
(WUI | cent ity capacity |infrastruct| against s stics of on to ms istics ation | susceptib | threatene | capacity
areas) ure risk populatio fire) ility | d species
n
[17] 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0
[18] 1 1 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0
[19] 0 1 1 0 0 0 0 1 0 1 0 1 0 1 0 1 1
[20] 1 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0
[21] 1 1 1 1 0 0 0 0 0 0 0 1 0 0 0 0 0
[22] 1 0 0 1 1 0 0 1 1 1 0 1 0 0 0 0 0
[23] 1 0 0 0 1 0 1 1 0 0 1 0 1 1 0 0 0
[24] 1 1 1 1 0 1 0 0 0 0 1 0 0 0 0 0 0
[25] 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0
[26] 1 1 1 1 1 1 1 0 0 1 1 0 0 1 1 1 0
[27] 1 0 0 0 0 0 1 0 0 1 0 0 1 0 0 1
[28] 1 0 0 0 0 0 1 0 0 1 0 1 0 0 0 0
[29] 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0
TOTAL 10 6 5 5 3 2 4 3 2 8 4 5 3 4 2 2




Section S6. Susceptibility categorization and gradient

Soil cover categorization method : Thereafter, we determined the zones inside the study area where
those practices would be more effective, and where they are able to be established and standardized.
Thus, we used the official land cover distribution for Colombia, constructed following the Corine land
cover (CLC) methodology of Cruz et al [30]. We used the land cover for the periods of 2000-2002,
2010-2012 and 2018 (hereafter 2000, 2010 and 2018, respectively). It is important to note that we only
used the level 3 CLC information and subdivided the study areas into 44 (Cundinamarca) and 47
(Magdalena) types of covers. An example of this method for the 2018 land cover is explained below.
Fig. SM1 shows 13 macrozones excluding areas with urban settlements and with the presence of water.
The division level was chosen to recommend practices that can be used according to the identified
vegetation material. With the segregated information, an 8-year period (2010-2018) analysis was
performed in order to produce medium- and long-term strategies to include in the protocol. This analysis
was based on the sustainability of land cover in regard to wildfires. Hence, we calculated the
susceptibility index of the cover to burn proposed by Paramo-Rocha [31] for every cover type in the
CLC level 3 subdivision. This index uses the type of fuel, its duration and its total load as categories to
establish susceptibility for every year.

L) L
75°0 -73°0
1.1. Urbanized areas 2.1. Transitory crops 3.1. Forests
1.2. Industrial or commercial areas and communication networks 2.2. Permanent crops - 3.2. Areas with herbaceous and/or shrubby vegetation
1.3. Mining extraction areas and waste deposits 2.3. Grass I 3.3. Open areas with little or no vegetation

I 1 4. Artificial, non-agricultural green areas 2.4. Heterogeneous agricultural areas 4.1. Continental humid areas

5.1. Continental water

Figure S1. Layout of surface cover distribution for the two study areas into 13 subdivisions in 2018,
for A) Cundinamarca and B) Magdalena. The strong red line represents the departmental border of
each study area, the reddish shades show urban areas and constructions, the brown shades indicate

large crop areas, the orange shades represent pastures and crops, the green shades show natural forests
and blue shades represent presence of water.

Soil cover categorization results: Analyzing changes in the level of susceptibility to fire due to the
coverage change, four ranges of positive and negative change were defined to address all possible
changes from levels zero, low, moderate, high and extreme susceptibility (Fig. SM2). For instance, a



level 1 positive change shows a place where the ground increased in one level of susceptibility, i.e.,
from no susceptibility to low, from low to moderate, from moderate to high or from high to extreme.
Accordingly, a level 4 positive change indicates that the land went from zero susceptibility to extreme
susceptibility in the time window observation. Negative changes indicate a decrease in susceptibility,
and its ranges follow the same described structure. Table SM6 shows all changes in the area and
percentage of the susceptibility to fire due to changes in the coverage from 2010 to 2018. Positive and
low-level negative changes are the most common. However, negative changes in susceptibility are
strongly related to the expansion of cities, which decreases the susceptibility of a coverage to ignite, but
it is not necessarily an optimal result in regard to soil reparation, because the land cover is being lost.
In terms of the positive changes, the practices 1.1, 2.1, 2.2 and 2.3 can be used, depending on the LCT,
the susceptibility change factor and the susceptibility identified.
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Figure S2. Change in the susceptibility of covers to fire of the two study areas between 2010 and
2018 for A) Cundinamarca and B) Magdalena. Positive level changes, in warm colors, represent an
increase in susceptibility and negative changes, and in cold colors represent a decrease in the
susceptibility of the cover. No change in coverage susceptibility is represented by locations with no
color.

The Cundinamarca and Magdalena areas presented a decrease in land cover susceptibility to fire, which
implies more resistance to wildfires (Fig. SM2, Table SM6). Nonetheless, it is always necessary to
determine the sensibility before adapting one management strategy, and in cases where the zone has a
high ecological importance, it is better to make in situ measurements, which would allow a better
understanding of the environmental conditions and their related changes. Most of the positive changes,
on the other hand, are related to level 1 of change, especially in Cundinamarca, meaning that
Cundinamarca has a stronger susceptibility to develop wildfires. This could suggest that Cundinamarca
has transformed many forest and pasture areas to crop and livestock areas. Following the same idea, it
is recommended that the application of the SMP starts on the red dots of Fig. SM2, which corresponds



to 1.678 Ha and 625 Ha in Cundinamarca and Magdalena, respectively. This is suggested because the
susceptibility is very high, and the politics do not seem to focus on preventing the changes that are being
produced in this area.

These red zones need to be intervened as soon as possible. First, it is important to apply the SMP 2.2-
2.1-2.3 consecutively in zones where wildfires have previously appeared, action 2.2 serves to reduce
the risk of a new anthropogenic ignition, while strategies 2.1 and 2.3 focus on recovering the vegetation
cover to mitigate the erosion and mass movements. On the other hand, it is also important to make
vegetation replacements as proposed in action 1.1, since this would reduce the risk by taking away the
vegetation with a higher probability of producing and maintaining a fire (this works if there has been
no recent wildfires). Nevertheless, this vegetation change has to take into account the geographic
location and the ecological characteristics of the area. In the areas where a positive range of one for
both cities is determined, the SMP 1.2 and 1.3 are adequate, since they focus on community edaphic
governance. This can develop a greater control of the soil and avoid a greater change in vegetation
cover, which could be highly impactful due to the increase in fire risk and ignition. In summary, high
susceptibility areas can be managed in the long term if the measures of Table 4 are followed, since
improving the vegetation cover (which would also adapt, since the plan guarantees that those covers are
related to the ones previously established), reducing the erosion and conserving the basic properties of
the soil could avoid an increase in the risk.

Table S6. Percentage and area description of the change in the susceptibility of the cover to fire in
2010-2018 for the two study areas. The area indicates the hectares that went through each level of
change. The change represents the percentage of change in that level with respect to the total territory.

Cundinamarca 2010-2018 Magdalena 2010-2018

Area (Ha) Change (%) Area Change (%)




No Change | 1729374.48 72.2% 1765401.98 76.7%
1 level (+) 268035.61 11.2% 139967.44 6.1%

2 level (+) 23974.99 1.0% 21272.36 0.9%
1677.83 0.1% 624.80 0.0%

4 level (+) 0.00 0.0% 0.00 0.0%
1 level (-) 31147152 13.0% 319031.10 13.9%

55027.21 2.3% 53876.63 2.3%

3 level (-) 6433.37 0.3% 1322.18 0.1%

0.00367 0.0% 0.00 0.0%

Section 7. Soil Management practices analysis

Table S7. Shows the pre-fire practices selected from the review of governmental management
documents and guides available in different Latin American countries

Country Reference Prefire practices
Wildfire Controlled | Educati | Removal Policy Soil Use of Preventive
protection | use of fire onal of forest actions moisture organic forestry
trails in actions fuels maintenan waste as
agriculture ce fertilizer
[32] 0 0 0 0 0 0 0 0
. [33] 0 1 1 0 1 0 0 1
M&ico
[34] 0 0 1 1 0 0 0 0
[35] 0 1 1 1 1 0 0 1
[36] 0 1 0 1 0 1 0 0
Colombia
[37] 1 0 0 1 0 0 0 1
[38] 0 1 1 0 0 0 1 1
[39] 0 1 1 0 0 0 1 0
[40] 0 0 1 0 0 0 0 0
PerG
[41] 0 0 1 1 0 0 0 0




[42] 0 0 0 1 0 0 0 0
[43] 0 0 1 1 0 0 0 0
[44] 0 0 0 0 0 0 0 0

Chile
[45] 0 0 1 0 0 0 0 0
[46] 0 0 0 1 0 0 0 0
Total 1 6 9 10 2 1 2 5

Table S8. Shows the postfire practices selected from the review of governmental management
documents and guides available in the different Latin American countries

Country Reference Postfire practices
Vegetation Soil Forest Trail Planting of | Ecological Soil Soil or fuel
recovery of | protection stand and road | herbaceous | restoration control indicators
areas in high cleaning | closure | and shrubby in
damaged by slopes plants wildfires
forest fires
[32] 1 1 1 1 0 0 0 0
Meico [33] 0 0 0 0 1 1 0 0
[34] 0 0 0 0 0 0 0 0
[35] 0 0 0 0 0 0 0 0
[36] 1 1 0 0 1 0 0 0
Colombia [37] 0 0 0 0 0 0 0 0
[38] 1 0 0 0 0 0 0 0
[39] 0 0 0 0 0 0 0 0
[40] 0 0 0 0 0 0 0 0
Perai
[41] 1 0 0 0 0 0 0 0
[42] 0 0 0 0 0 0 1 0
[43] 1 0 1 0 0 0 1 1
Chile [44] 0 0 0 0 0 0 1 0




[45] 0 0 0 0 0 0 0 0

[46] 0 0 0 0 0 0 0 0

Total 5 2 3 1 2 1 3 1

Section S8. Meteorological validation
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Figure S3. Statistical parameters of the neural net for Magdalena. The title of each plot represents the
calculated parameter, and the panels have different colorbars. The gray contours indicate the Andean
Mountain ranges.
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