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respect to climate characteristics in Indonesian El Nino events. The
INFERNO (INteractive Fire and Emission algoRithm for Natural
envirOnments) was utilized to simulate fires over Borneo Island due to its
capability to simulate large-scale fires with simplified parameters. There
were some adjustments in this INFERNO model, especially for peat fire as
peatland has a significant impact on fires. The first was the contribution
of climate to the peat fire which is represented by long-term
precipitation. The second was the combustion completeness of peat fire
occurrence that is mainly affected by human-induced peat drainage. The
result of the model shows that El Nino variability mainly affected peat
fires but was unable to well simulate the above-ground fire. It increased
the burnt area during strong EL Nino but overestimated the fires during
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1. INTRODUCTION

Fires have caused massive loss of tropical forests, but our ability to predict
future fire impacts rests on our ability to model fire regimes (Hantson et al., 2016). In
the tropical regions, El Nino has played a major role in the climate system which is
accompanied with massive change of carbon cycle caused by forest fires (Liu et al.,
2017). Future climate change is mainly induced by atmospheric greenhouse gases, so
a fire model that is able to simulate the key processes efficiently and connect to the
carbon process is needed (Friedlingstein et al., 2001; Friedlingstein et al., 2003).

However, climate factors like EL Nino are not the only major factors;
geographical conditions, such as highly distributed peatlands, have to be considered
as it is the dominant contributor for carbon dioxide emission (Parish et al., 2008). Peat
fires occur because they are the easiest way to clear peatlands by drainage. In this
practice, the climatic factor is significant to determine the spread of fire. The climate
can affect the dry period or drought, in which peatlands can be easily ignited by a
small fire (Li et al., 2013). Then, a peat fire creates a long fire regime as it burns below
the ground surface and it is almost impossible to find the source of the fire.

The current fire models are developed by two main streams. The top-down model
is based on the statistical relationship between key variables (aspects of fire regime,
usually burned areas), while the bottom-up model represents small-scale fire
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dynamics (simulating a single fire). These two concepts have different advantages and
disadvantages based on the aim of the research.

The top-down fire model can capture the potential burned areas and the
emission of the fire. Therefore, potential damage can be predicted, and management
strategy can be developed based on this fire model. In terms of fire modelling, the El
Nino forecast might be the most realistic to be considered in estimating the extent and
magnitude of fire activity due to its capacity to drive the climate condition (Wooster et
al., 2012). However, the complexity of nature should be simplified to approach the
most realistic result with the least resources. The INFERNO (INteractive Fire and
Emission algoRithm for Natural envirOnments) Fire Model is developed with a
simplified parameterization for fire counts that can generalize the complexity of
nature (Mangeon et al., 2016). It performs well at a low latitude when applied on large
scales of fire occurrence. However, this model is unable to capture small-scale fire
dynamics.

To understand how this fire model can simulate the impact of El Nino and
peatland, the Borneo Forest will be a comprehensive example to focus on. The Borneo
rainforest is a crucial forest area in the world, mostly in tackling climate change,
because it is the largest rainforest in Southeast Asia/Equatorial Asia. Unfortunately, a
massive deforestation process remains a classic problem in this area (Achard et al.,
2002; Fuller, 2006; Trigg et al., 2006). The significance of Borneo is due to its timber
species which are of commercial benefit. These are in the coastal lowlands of Borneo
that are covered by vast areas of peat swamp forests (Rieley & Page, 2005). As fire is
still a huge factor of degradation and deforestation in tropical South America and
Southeast Asia, Borneo is also impacted by this acceleration of fire (Siegert et al.,
2001; Page et al., 2002; Cochrane, 2003).

Rainfall and the temperature are considerably high in the tropical climate like
Borneo due to its geographical location between two oceans and two continents
(Langner & Siegert, 2007). The main factor of the Indonesian climate is the monsoon,
which is an annual event, and controls the seasons in Indonesia, namely the wet and
dry seasons. Another important climate event is the El Nino Southern Oscillation
(ENSO), which has a longer temporal pattern and is not as frequent as the monsoon,
i.e., occurring every 2 to 7 years. Otherwise, ENSO has a major impact on the dryness
in Indonesia. The El Nino phenomenon has large-scale and short-term impacts on the
elements of climate such as precipitation (precipitation dramatically drops to a lower
level in a few months). This phenomenon significantly affects the magnitude of fires
because it can raise fire activity that is a result of human ignition, agricultural
preparation practices, and land cover changes that occur every year in Borneo
(Wooster et al., 2012) (Field et al., 2009). Thus, El Nino is claimed to be the cause of
massive forest fires.

To understand the complexity of the connection between climate phenomena,
geographical conditions, and fire events in Borneo, a model to simulate the condition
is needed. The model needs data from the climate and vegetation simulation due to
the obvious link between fires, vegetation, and climate, so the climate change results
in the change of fire (Hantson et al., 2016).

The ability of the fire model to simulate smaller-scale and tropical regions needs
to be examined further in this paper. This is to show to what extent a fire model with
limited sources is capable of simulating the role of the key drivers of tropical forest
fires (EL Nino and peatland). What is the spatial-scale limit for a top-down fire model?
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How is a fire model able to simulate a fire, which is driven by climate variability and
geographical conditions?

2. MATERIALS AND METHODS

The research site is located on Borneo Island, which is one of the largest islands
with tropical forests. This island has experienced several massive forest fires during
the El Nino event (Figure 1) which can be clearly seen on satellite images taken by
MODIS (Moderate Resolution Imaging Spectroradiometer). Moreover, fire clearing is
commonly practiced with peat drainage to accelerate the process. Thus, the massive
fires in Borneo island are relevant to represent the role of El Nino and peatland in the
forest-fire model.

Figure 1. Illustration of the fire counts on Borneo island during a strong EL Nino event
in 2015 based on MODIS datasets

The model is developed from the previous model by Mangeon et al. (2016) who
constructed INFERNO based on Pechony & Shindell (2009) fire counts. However, the
simulation is focused on an El Nino year because it has a significant impact on forest
fires in the tropics. The INFERNO model uses a simplified parameterization that
enables it to simulate large-scale fire variability with considerably limited data. It only
needs data on the precipitation, temperature, humidity, and indirect vegetation for
flammability. Then, fire ignitions are simulated based on lightning and/or
anthropogenic information. The general scheme of INFERNO can be seen at Figure 2.
However, INFERNO has several limitations. It is not suitable for simulating detailed
features of fire such as ignition, spread, and extinction explicitly. Moreover, previous
research (Mangeon et al.,, 2016) also shows that it underestimates variability in
emissions.
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Figure 2. Scheme of the INFERNO Fire Model (Mangeon et al., 2016)
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As with the previous model by (Mangeon et al., 2016), this model also elaborates
the JULES (Joint UK Land Environment Simulator) model on carbon fluxes and
vegetation dynamics (Best et al.,, 2011; Clark et al., 2011). INFERNO utilizes soil
moisture from JULES as the balance between precipitation and extraction by
evapotranspiration and runoff. The INFERNO formulas are shown in Appendix A. This
study extends the model by simulating the effect of peat and carbon combustion.

The JULES-INFERNO model was examined under the condition of strong El Nino
because an El Nino year drives drought conditions which strongly influence tropical
fires. Then, adjustments in peat fire and combustion completeness were considered to
produce a more accurate model.

To pursue the role of El Nino and peatland, some adjustments were necessary in
this research. First, the default JULES-INFERNO was run on an El Nino year over
Borneo to understand the current state of models. Then, modification was made by
adding the peatland burnt area and using the emission calculation, which is proposed
by Li et al. (2013). The model involved a peat fire due to the unpredicted effect of peat
on the fire regime, which is mainly affected by long-term precipitation in terms of
climate factors. Moreover, the risk of fire is higher in the lower mineral content like
peat soil (Frandsen, 1997). Long-term precipitation was examined in several periods
ranging from 30 to 90 days. Last, modification was tuned up from the peat fire
combustion. Combustion completeness of peat fires is modified by van der Werf et al.
(2006) in the loss of carbon soil schemes in human-induced drainage of peat soil. The
low combustion represented the natural conditions of peat while the high combustion
occurred due to peat drainage practices by humans. These are illustrated below (see
Figure 3).

Default JULES-INFERNO

El Nino

Peat Fire Modification
Long-term Precipitation Sensitivity

Peat Combustion Completness Modification

Low Combustion High Combustion

Figure 3. The diagram of the methodology of the modification of the JULES-INFERNO
fire model

The fire model INFERNO will not simulate the behavior of a single fire but will
estimate fire occurrence during high EL Nino. Meteorological data on such elements
as precipitation, humidity, temperature, and soil moisture were obtained from the
European Centre for Medium-Range Weather Forecast (ECMWF) dataset, specifically
the ERA-Interim. ERA-interim is a reanalysis dataset that provides a 6-hourly analysis
of upper-air parameters including those of the troposphere and stratosphere. The
advantages of the reanalysis dataset are that the data provides a multivariate,
spatially complete, and coherent record of the global atmospheric circulation (Dee et
al., 2011). Then, some data related to peat were obtained from the Oak Ridge National
Laboratory Distributed Active Archive Center (ORNL DAAC) for Biogeochemical
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Dynamics (Stocker et al., 2017). The other prescribed data were produced by the same
dataset that is used in “Developing and evaluating a global model for landscape fires”
(Mangeon, 2016), “Land use & population density” (Hurtt et al., 2011), CO2
concentration (Le Quéré et al., 2015), and Lightning (Christian et al., 2003). Data on
long-term precipitation for including the climatic factor in the peat fire calculation
were not available, so the data were calculated based on the ERA-Interim total
precipitation dataset with the Climate Data Operator (CDO) tool. These results would
be verified with the GFED dataset which includes small fires. This dataset was chosen
as it considered deforestation, degradation, peatland fires, and agricultural waste
burning (Giglio et al., 2013). The last set of data is the Oceanic Nino Index which was
obtained from the National Weather Service (2015). The summary of the datasets is
shown below (see Table 1):

Table 1. List of datasets as the input and verification data

No Data Variables Source
1 Driverdata - Total precipitation ECMWF ERA-
- U-wind Interim
- V-wind
- Temperature
- Specific humidity
2 Peatland - Fraction of peat ORNL-DAAC
- Peat Soil Carbon
3 Prescribed - Fraction of - HYDE
Data Agriculture & dataset
Population Density - Global
- CO. concentration carbon
- Lightning budget
- LIS-OTD
4 Long-term - An average of 60 ECMWEF ERA- Re-calculated by
precipitation days Interim Climate Data
- An average of 30 Operator (CDO)
days
- An average of 90
days
5  Verification - Burnt Area GFEDv4.1s
Data - Carbon Emission
- El Nino Index Climate

Prediction Center

All of these datasets were considered to calculate Burnt Area and Emitted
Carbon as these both are able to show the impact of El Nino and peat soil in the fire
model. Burnt Area is highly related to long-term precipitation, which is affected by El
Nino, while fire in peat soil will contribute massively to Emitted Carbon in the model
because peat contains a huge amount of carbon.

2.1. Burnt Area Peatland (BAeq:)
The burnt area in the peatland (Equation (1)) relies on the factor of long-term
precipitation because peat fire has a characteristic of burning under the surface of

soil, so long memory of precipitation can represent water availability in peat soil. The
burnt area is determined as follows:

BApeat = cfcli.pfpeat(l — fsat) (Equation 1)
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where C (per timestep) is constant to match the burnt area to the real conditions by
using the inverse method, and here in the tropical peat the c = 8.2 x 10*h™. The f¢;;,,
represents the factor of climate (precipitation) affecting the burnt area (Equation (2)),
and this variable will be examined in this research to find the optimum long-term
precipitation that can determine the actual burnt area. The fy4; is the fraction of the
peatland area in the grid cell. The peatland data were obtained from NASA Earthdata
which provides a time series of global peatland carbon balance and carbon dioxide
emissions from land use change throughout the Holocene (the past 11,000 years), as
published in Stocker et al., 2017. Quantification was done using the global model
simulations with the LPX-Bern model hindcasting the dynamics of past peatland
distribution and carbon balance (based on Stocker et al., 2014). Unfortunately, the
most recent data on peatland cover are from the year 1985. The f;,; is the fraction of
the saturated area in the grid cell with the water table at the surface or at a higher
level. This variable is derived from the land use model (JULES) output where the
variable represents the area of peat that is impossible to burn.

felip = max [0, min (LL;GM)]Z (Equation 2)

As mentioned previously, the factor of climate is taken into account, in terms of
long-term precipitation. Li et al. (2013) proposed the average 60-day precipitation
(Pgoaq) as the best approach to represent water memory in the soil for tropical peat soil
(Equation (2)). For further development of this research, the robustness of this
variable will be examined by varying the days of precipitation. The spontaneous
precipitation from JULES output is also considered to test the sensitivity of the
variable.

2.2. Emitted Carbon Peatland (ECpeq)

Based on the approach proposed by Li et al. (2013), the emitted carbon (kg C m-
2) from the burnt peat (Equation (3)) can be formulated as follows:

Ecpeat = BApeatCsoilCCpeat (Equation 3)

The BApeq: is the area of burnt peat as mentioned in the equation (3), while Csoy
represents the carbon content (g C m-2) of the peat soil which is obtained from the
global model data published in Stocker et al. (2014). The CCpeq¢ is the combustion
completeness of the burnt peat which is 18% for tropical peatlands (Page et al.,
2002). This percentage is applied for peat in natural conditions, but in human-induced
drainage, a minimum of 50% of soil carbon is released (van der Werf et al., 2006). This
combustion completeness should be varied in different peat soil conditions, especially
with different soil moisture and mineral contents. However, these details might not be
needed in this regional-scale model.

3. RESULTS

3.1. EL Nino Year Simulation (Default INFERNO)

The year 2015 was chosen to show the contribution of EL Nino to tropical fires
due to very strong El Nino activities in this year. The model shows that the global
emitted carbon has an opposite pattern to that of the El Nino event. The higher
amount of carbon emitted was during weak El Nino, while the lower amount of carbon
emitted was during very strong El Nino. The model has shown low levels of emissions
as indicated in Figure 4, where it can be seen that the highest amount of carbon
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emission is only under 0.25 x 10° kg C m2s .

Global INFERNO Emitted Carbon 2015

0.25 2.5
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Figure 4. The temporal variability of INFERNO total global carbon emissions in 2015
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Figure 5. The mean burnt area fraction in the highest emission month (March 2015).
The land-grid point is divided into two areas, namely the tropical/equatorial regions
and the northern high latitudes. Every land-grid point represents an area of land with
a size of about 1.85 x 1.25 degrees.

Unfortunately, this global scenario does not well represent tropical forest fires
as the model has failed to simulate fire occurrence in the equatorial area as shown in
Figure 5. Lack of peat fires in the default JULES-INFERNO model might be the main
factor. The x-axis is the Land-grid point with every point representing an area of 1.85°
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x 1.25° degrees in the land. It is divided into two areas, i.e. the equatorial Asia (560-
2613 land grid point) and the northern high latitudes (2614-7472 land grid point). The
amount of burnt area in the Tropical/Equatorial regions (between 23.5°S-23.5°N) is
zero in any land-grid point, even in March 2015 where the highest global emission
occurred. Thus, the seasonal pattern in Figure 4 likely only represents fires in the
northern high latitudes (more than 23.5°N).

3.2. Peat Fire Calculation Based on Long-term Precipitation
3.2.1.Inclusion of peat

Equatorial Peat Burnt Area Fraction

November 2015
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Figure 6. The burnt area of peat in the equatorial region (between 23.5 south and 23.5
north) in the high EL Nino month. As the above-ground fire is zero, this also represents
the total burnt area.

Since, as mentioned in the previous section, the default JULES-INFERNO model
is unable to simulate emitted carbon in tropical regions, the peat fire calculation is
added in this section. The tropical peat calculation (based on Li et al., 2013) in the
equatorial land-surface has significantly affected the burnt area in the INFERNO
model. This simulation utilizes the 60-day (medium) long-term precipitation as the
climatic factor and 18% combustion completeness to represent the natural
conditions. The equatorial land is located between 560 and 2613 Land-grid points. The
result in Figure 6 illustrates that the amount of burnt area in the tropical area is
significant in the high El Nino Index month (November 2015). The burnt area could
reach 4 x 10 s (much higher than the burnt area without peat calculation). The
model modification improves the burnt area simulation.

3.2.2. The precipitation variation variable as the climatic factor (f; )

The main driver of peat fire is the climatic factor which is long-term
precipitation. Li et al., (2013) defined the average precipitation over 60 days as the
best approach, but in this research the long-term precipitation is varied into 30 days
(P304) and 90 days (Pyoq) to find the sensitivity and optimum result. Figure 7 portrays
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the burnt area of Borneo in September 2015. The Pggq and Pgoq resulted in the same
pattern, which shows that the burnt area appears very lightly (less than 0.007
fraction/month) in the south of Borneo, but the Pso4 produced a higher amount of
burnt area in the north-west to the south region. The P3¢ has shown completely
different patterns from the other long-term precipitation scenarios and a much higher
amount of burnt area. However, the maximum burnt area of Psp; is 0.04
fraction/month while the verification dataset from GFEDv4.1s showed that the
maximum burnt area in South Kalimantan could reach 0.45 fraction/month. Thus,
adding peat fire calculation affects the ability of the fire model in describing fire
occurrence in tropical regions, although the magnitude is lower.

a Total Bt rea (300) b Tl Bt 5001

Stptember 2015

o burt ares fraction (movth-1)

] s 003 o 0l

c Total Bt Area (P30D) d Total Burnt Avea (GFEDW. 1
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totd burnt ares faction morth-1, indude small fre
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Figure 7. The total burnt area over different scenarios of long-term precipitation. a. an
average of 30-days of precipitation, b. an average of 60-days of precipitation, c. an
average of 90-days of precipitation, and d. the verification from GFEDv4.1s

3.3. Peat Carbon Combustion Adjustment
Apart from the climatic factor that is represented as long-term precipitation,
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combustion completeness should be considered as it will vary drastically due to
human intervention. In the natural conditions, peatland has the ability to stop peat fire
regime as it contains an abundance of water. Unfortunately, human practice of peat
drainage reduces its capacity to do so.

3.3.1. Low Combustion: 18% combustion completeness

Li et al. (2013) assumed that in tropical peatlands about 18% combustion
completeness would happen in every peat fire occurrence. As the previous section has
shown that the 30-day long-term precipitation produced the most reliable result, this
scenario is used to simulate the emitted carbon. Figure 8 shows that natural
combustion completeness (18%) is used to simulate peat carbon emissions in
September 2015. The result shows that the dominant carbon emission is located in the
north part of Borneo where the highest emission may reach more than 500 g C m™
month.

Emitted Carbon (CC: 18%)
September 2015

emitted carbon (gC m-2 month-1)

L |
0 %50 D 5 1000

Figure 8. The spatial distribution of carbon emissions in the high El Nino month.
Scenario: natural conditions of peat soil; CC 18%.

3.3.2.High combustion: 50% combustion completeness

As mentioned in van der Werf et al. (2006), a minimum of 50% of soil carbon will
be lost in a tropical peat fire due to human-induced drainage. Therefore, the
combustion completeness of peat soil was adjusted to see how the human activity of
peat drainage might affect the fire. This scenario temporally and spatially produced
the same pattern as that in the previous scenario (no-drainage; CC 18%), but the
magnitude of the carbon emission was more than twice as high (Figure 9). The highest
carbon emission amounted to more than 1.000 g C m2month™.
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Emitted Carbon (CC: 50%

Gridbox mean emitted carbon (gC m-2 month-1)
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Figure 9. The spatial distribution of carbon emissions in the high El Nino month.
Scenario: human-induced drainage of peat; CC 50%

The magnitude of carbon emissions might be well presented by the model,
notably in the scenario of 50% combustion completeness. However, the model failed
to figure out the temporal distribution of carbon emissions. Figure 10 shows the
overestimating of the model’s emitted carbon between January and June, in a period
of low/no El Nino that should have the conditions of a low amount of burnt area and a
low level of carbon emission. In the second half of the year, the model captured the
variability of carbon emissions during the El Nino episode, but the peak of the model’s
fire regime preceded the real conditions. Unfortunately, the model was also not
adequate to simulate the tremendous carbon emission in September 2015, which is
estimated at 160,000 g C m? month?, as the model (CC 50%) simulated a carbon
emission of less than 4,000 g C m?2 month™.

Total Emitted Carbon 2015
(g C m? month*)
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Figure 10. Temporal variability of carbon emissions in 2015. CC 18%, CC 50%,

verification from GFEDv4.1s. First y-axis is for CC: 50% and CC: 18%, while second y-
axis is for GFEDv4.1s.
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4. DISCUSSION

4.1. Model finding

The model simulating without peat showed a lower global burnt area in the El
Nino period than in the with-peat scenario. This might be affected by the failure of the
model to simulate a fire in the tropical region. Hence, the model output was highly
affected by the northern high latitude fire. The northern high latitudes, unlike the
Equatorial Asia, become wetter, which makes it unlikely for the area to catch a fire
(Figure 11). This could explain the low burnt area fraction in the without-peat scenario
during the El Nino episode.

This zero burning in tropical regions during the El Nino episode means that the
model interprets that a vegetation fire above the ground surface is unlikely to occur
naturally (without human intervention) even in the dry condition. The peat, however, is
less resilient to climate variability like EL Nino. The climate element, notably long-term
precipitation, drives the potential of peat to be ignited Someshwar et al. (2007). Thus,
peat cannot be neglected in the fire modelling especially in an area that is obviously
affected by EL Nino.

The peat’s contribution was proven when the peat-burning scenario was applied.
The size of the burnt area increased significantly from zero to around 4 x 108s* in the
tropical/equatorial area. The increase in the amount of emitted carbon was a few
times higher than the increase in the size of the burnt area as the peat soil contained a
large amount of carbon. Although the peat massively contributed to fire, the model
failed to simulate the spatial distribution of fire. This was caused by the peat map
dataset. The peat fraction in the dataset used is dominantly in the north-west of
Borneo Stocker et al. (2017). Meanwhile, the peatland of Borneo is located in the
southern region. This research used the 1985 peat map dataset because a more recent
dataset was not available.

El Nifio and Rainfall
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Figure 11. The global impact of El Nino (Barnston, 2014)
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The 60-day and 90-day long-term precipitation scenarios were unsuccessful in
simulating the fire distribution. They misrepresented fire in the dominant peat fraction
area and underestimated the magnitude of the burnt area. Nevertheless, peat burning
was clearly shown in the 30-day long-term precipitation scenario. The average 30-day
precipitation (P3o4) produced a completely different spatial distribution from other
scenarios. The dominant burnt peat area was in the peat fraction area. Thus, P3gq4
might be the best value to quantify the climatic factor in the burnt peat area.

Although the P3o4 unsuccessfully simulated the burnt area in the exact location
(the actual fire was in the south of Borneo), this scenario proves that the model is
capable of modelling the peat fire as it successfully showed the peat fire in the region
in which peat was located. Thus, an improvement of the peat dataset will significantly
increase the capability of the fire model.

Another crucial variable to be considered is the peat carbon emission. As stated
by Cochrane (2003), the fire in Equatorial Asia has less burnt area but a higher carbon
emission. This anomaly is likely due to the organic content in the peat soil which is
rich in carbon content (Hoojier et al., 2010). The scenario of no human-induced
drainage (with 18% combustion completeness) produced a spatial distribution in the
location of peat. However, the magnitude of the emission was quite low.
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Figure 12. The fire alerts over Indonesia in the 2015 massive fire regime (source:
(World Resources Institute, 2016))

The adjustment of combustion completeness successfully improved the
magnitude of the emitted carbon. Unfortunately, this remains low compared to the
verification data, especially in the peak of fire regime when the emission reached
160,000 g C m month™, as the model showed less than 4.000 g C m2 month. This is
because the model utilized a single value of 50% combustion completeness (CC),
which should have varied between different areas. Moreover, 50% CC is the minimum
value of soil loss following human-induced drainage. The real CC might be much
higher (van der Werf, 2006).
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Both scenarios (18% and 50%) were able to illustrate the increase in emission in
the first stage of El Nino rising (June-July) and the decline towards the end of the El
Nino episode (October-December). Nevertheless, they overestimated carbon
emissions during the weak El Nino or the starting period of El Nino (January-May), as
this period should have zero carbon emission from wildfires. Figure 12 shows the fire
alerts over Indonesia from the MODIS dataset. There were no or few fires between
January and June 2015. This might be affected by the dependency of peat fire
calculation on climatic factors (long-term precipitation). The calculation does not
consider the source of ignition such as lightning or human ignition (Li et al., 2013).
Therefore, it simulates peat fire when the climate condition is favorable for an
ignition, even when there is no ignition.

The model output shows that the peat fire calculation could improve the
predictability of fire modelling in the tropical area. Even though all scenarios of long-
term precipitation could not afford the real value of fire occurrence on Borneo, the
P304 and human-induced drainage had the most accurate simulation. The sensitivity
test proves that the number of days of precipitation is crucial to illustrate the
hydrological behavior of peat. Furthermore, the assumption of the homogeneity of
combustion completeness provided over-simplified results regarding carbon emission.
Despite the lack of details in this modelling, the overall model was able to estimate
the actual variability of fires during high El Nino but had a poor simulation during
weak/no El Nino.

However, the whole story of the peat hydrological cycle remains covered. Peat
soil characteristics are certainly different from those of mineral soil. Hydrological
processes control the characteristics of peatland (Soulsby et al., 2006). Labadz et al.
(2010) explained that the origin, chemical quality, volume, and variability of the water
supply determine the nature of peat, while the existence of water depends upon
retaining water.

As rainfall is the main input for peat soil moisture and precipitation or rainfall is
crucial to determine the character of a bog Labadz et al. (2010), the prediction of
long-term precipitation could be an appropriate approach to avoid future massive
fires. This INFERNO modelling could be used as an additional tool to manage potential
tropical fires. Although the result lacks in details, the variability of fires is generally
well-captured on a regional scale. A more sophisticated approach to estimate fire
emissions may be necessary in future modelling. Variations in the carbon content and
inorganic content could be significant for emission calculation. Furthermore, this
INFERNO model has a simple algorithm that needs low computational resources but is
quite accurate, so future development will potentially improve the fire management
strategy on a regional or global scale.

4.2. Constraints and limitations

There are some assumptions in this model that might affect the ability of the
model to simulate the fire properly. Simplification in modelling is essential to produce
effective simulations, but some factors could be essential and need to be detailed.
Here are some of the limitations in this study:
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Table 2. List of Assumptions and Limitations

Assumption & Limitation

No peatin JULES  The JULES model provided all the land variables that were required by
the fire model, essentially the soil moisture. Unfortunately, peat soil was
not recognized by JULES. Although the peat soil fraction was added to
the model, the hydrological process was not revealed, whereas peat soil,
unlike mineral soil, has unique characteristics. Thus, this model
assumed that the hydrological cycles of mineral soil and peat soil are
similar.

Old Peat Map The most recent global peat map is from 1985. This study found that the
peat soil cover has not changed significantly within the several decades.
However, some irritating fires in tropical areas in these recent years
might have crucially affected the current peat fraction.

Organic Content The composition of organic and mineral contents in the soil is important

in Soil to simulate the combustion completeness of peat. Other than soil
moisture, inorganic content is a crucial factor in the ignition of peat soil
(Rein, 2016). The composition might vary, but the data of this variable
was not available. The model simplified the factor by using a single
percentage to approach this variable. This is adequate for a global-scale
simulation, but a regional-scale simulation needs more details.

Simplificationof ~ As mentioned by van der Werf et al. (2006), soil carbon in the peat will be

Soil Moisture in consumed by 50% at the minimum in the scenario of human-induced

Peat Drainage drainage. The loss of the other 50% will vary based on the soil moisture
content. Unfortunately, the relation between soil moisture and
combustion completeness (the soil carbon that would be consumed) was
not well calculated in the paper. Therefore, the model modification
simplified the calculation by using a homogeneous value of 50%.

Interaction of The model calculated the peat fire and the above-ground fire separately.

peat fire and It ignored the interaction between them. In fact, the peat fire might have

above-ground fire  spread to the vegetation and ignited a new area. This simplification
meant the model cannot approach fire regimes, especially in the peak
when fires easily interact.

5. CONCLUSIONS

The EL Nino variability obviously affects wildfires in the tropics, although the
correlation of the above-ground fire with ELl Nino was not well-captured by the model.
The peat fire calculation has a key role to improve the model. It showed no fire in the
tropical area in the without-peat scenario, but it showed 4 x 10% st burnt area when a
peat simulation was added.

A formula by Li et al. (2013) suggests the average 60-day long-term precipitation
(Pgoq) as the best approach in terms of the climatic factor, but this study finds that the
peat fire scenario with the average 30-day long-term precipitation (Ps4) is more
relevant. The burnt area for Pgoq Was only 0.007 fraction/month, but it improved to
0.04 fraction/month for P5q4. Nevertheless, this approach needs further research to
investigate the robustness of this factor and the application of the same formula in
other tropical/ equatorial regions.

The model simulated the peat fire based on the factor of climate conditions
(long-term precipitation), the factor of saturated area (area without water table at the
surface or at a higher level) and the factor of peat fraction. Unfortunately, it failed to
calculate the availability of ignitions in the peatland area.
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The model also illustrated the importance of the drainage of peat in the
simulation of tropical fires. Even though the burnt area in the peatland could be
captured by the model, the carbon emission would be underestimated if the model did
not consider the factor of peat drainage. Two scenarios were applied in this research,
namely the natural condition scenario (with 18% combustion completeness) and the
human-induced scenario (with 50% combustion completeness). The 50% combustion
completeness showed a better model performance, which means that human-induced
drainage has a major effect on peat fire. The human drainage practice in the peatis a
major cause of the vertical dryness of peat. The fire could reach a deeper layer of the
peat due to the drainage, so the fire would consume more fuel in the peatland.

In conclusion, El Nino and peatland are significant drivers in the fire modelling
in tropical forests, so they should be considered carefully in simulations. The JULES-
INFERNO fire model is capable of simulating the tropical fire even if the input data are
limited. This model has a potential to be developed for global and regional fire models
as it provides high-quality results with few resources. Though the model needs some
further modifications, especially in regulating the fire regime with different climate
variabilities and realistic peat fire caused by human-induced drainage.

APPENDIX A

Above-Ground Fire Model

o /gnitions (1)
There are two main ignitions sources in INFERNO, which are natural ignition (Iy) from lightning and
anthropogenic ignition (1) based on population density. These ignitions can be set as three different modes.
First is the ubiquitous or constant ignition, the total ignition (I7) is currently calibrated to a global average of
1.67 km?month™. These represent 1.5 ignitions km?month™ of human ignition and 0.17 ignitions km?month
due to lightning; this number is derived from multi-year annual mean of 2.7 strikes km?year™ (Huntrieser et al.,
2008). Second, the human ignition and suppressions remain constant, but the natural ignition may be varied
based on cloud-to-ground lightning. Third, the natural and anthropogenic ignition is not constant. In this
scenario, the human ignition is derived from population density (PD), see equation (A1), as proposed by
Venevsky et al. (2002).

I, = k(PD)PDa (A1)

Human ignition is determined by the PD as population density; k(PD)=6.8 x PD ¢ is a function of the varying
anthropogenic influence in different population density. This factor considers the characteristics of people in
the rural area who interact with the natural ecosystem more frequently; @ = 0.03 is the number of the
potential sources of ignition per person per month per km?. As the natural or human ignition has the potential
to be suppressed by human, the factor of fires not suppressed (equation (A2)) is:

fNS = 7.7(0.05 + 0.9 x e~005PP) (A2)

This equation includes the number 7.7 which is the calibration number of fire from the MODIS observations
dataset. From this, the total ignitions can be calculated using the equation (A3).

Iy = (Iy + 1) fNS/(8.64 x 10'°) (A3)
The fNS for modes 1 and 2 is equal to 1; however, the fNS for mode 3 is as in the equation (A2). The divider 8.64

x 10%° converts the ignition from km2month® to ms™. In this research, mode 3 is utilized to produce a dynamic
and interactive fire model.

o Flammability (F)
Flammability is adapted from Pechony & Shindell [2009] to elaborate the Earth Science Model (ESM). The
equation is related to the vapor pressure (e*; equation (A4)), fuel load index (FLer; equation (A5)), soil
moisture, RH, and precipitation. The vapor pressure is temperature dependence and is derived from Goff &
Gratch [1946]. The other variables were obtained from the land surface model (JULES) output.
Ts Ts
logio(e) = a (%~ 1) + blogyy (Z) +¢ (wd(l‘?) - 1) . (1oh(?‘L) - 1) (A%)

The water vapor equation (Equation (4)) utilizes the constant a = -7.90298, b = 5.02808, ¢ = -1.3816 x 107, d =
11.344,f=8.1328 x 107, h = -3.49149 and the water boiling point temperature Ts = 373.16 °K. Meanwhile, the
T represents temperature at a 1.5 m height in Kelvin.
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1 for Fuelyp;gp, < (DPM¢ + Leafc prr)

(DPMc+Leafcprr—Fueljow

S e — for Fuelip, < (DPMc + Leafcper) < Fuelyign (A5)
0 for Fuely,, > (DPM¢ + Leafc prr)

The Fuel Load varies between Plant Functional Tree (PFT) as the leaf carbon is specific for different PFT. This
also determines the carbon in Decomposable Plant Material (DPM) which is assumed that 70% is available for
fire. The amount of FL is in the range between 0 (threshold of Fuel,,=0.02kgCm™) to 1 (threshold of Fuelng
=0.2kgCm?) with linear dependent.

FLppr =

e* e RFLppp(1— 6)for RH,, < RH
+ RH—=RH oy _
Fppr =1 € me 2RELppr(1 — 6)for RHyg, < RH < RHpigp Fppr =
0 for RH,,,, > RH
e'e?RFLppr(1-6)forRH,;, < RH
+ RH-RHjow .
RH.,p-—mli.uwe ZREFLppr(1-8)forRHjow < RH < RHyign (A6)
OforRH,o,, > RH

RH and R represent relative humidity (%) and precipitation (mm/day), respectively. The RH is bound between 0
(RHiow = 10%) and 1 (RHy, = 90%). Then, the formula is adapted by changing the Leaf Area Index (LAI) with the
Fuel Load Index (FL). Lastly, flammability (Equation (A6)) is related to the upper-level (down to 0.1 m) soil
moisture. 0 represents the fraction of unfrozen soil moisture in saturated area.

Burnt Area (BA)

The burnt area of the above-ground fire is associated with the average burnt area per fire each PFT, effectively
decoupling the fire-spread stage from local meteorology and topography. The average burnt area of each PFT
was determined by 0.6, 1.4 and 1.2 km? for trees, grass, and shrubs, respectively. The sub-categories of these
three kinds of PFT were not differentiated. The burnt area calculation (equation (A7)) is as follows:

BAppr = It FpprBAppr (A7)

BAeer is the burnt area for each PFT while I+ and Feer represent the number of fires. Likewise, Beer, Ferr is also
determined by the type of PFT.

Emitted Carbon (EC)
The emitted carbon (Equation (A8)) is calculated based on the burnt area with specific PFT; the minimum and
maximum combustion completeness that can be separated between the leaf (CCmin=0.8 and CCna=1.0) and
stem (CCmin=0.0 and CCnax=0.4); and the carbon stored in each PFT’s leaf or stem.

ECprr = BAprr Zleap seem (CCmini + (CCmaxt = COming) (1= 0)) Ci (A8)

This approach is similar to the Global Fire Emission Database (GFED; [van der Werf et al. [2010]). The
differences are that GFED uses more complex representations of soil moisture in different fuel types and only
accounts for fires that are observed, while this scheme relies on soil moisture and is much more sensitive to
minimum combustion.
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