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Abstract

Strong El Nino events have been identified as major factors contributing to the forest fire in
Indonesia. This is due to EI Nino Southern Oscillation (ENSO) variability has a distinct connection
with tropical precipitation, mainly in Indonesia. EI Nino years are typically drier, while La Nina
events generally increase precipitation in Indonesia. Although very strong EIl Nino events have
been connected with massive forest fires, fire continue to occur during the other phases of ENSO:
La Nina and normal. Here, the research reports a time series of monthly counted fires in
Kalimantan between the period 2001-2020 from MODIS fire hotspot and MODIS Burned Area
products. The region is divided into three categories, Primary Intact Forest, Primary Degraded
Forest and Outside Forest/ Deforested area. This categorization validates the location of the fire.
Our results show that in general wildfires in Kalimantan follow a similar temporal pattern with
Oceanic Nino Index (ONI), with several anomalies. If ONI is high, wildfires are more intense and
vice versa. The wildfire appears almost every month and increases drastically in June-October of
El Nino years. However, the proportion of wildfires in Primary Intact Forest are tiny and
insignificant. The primary intact forest fire only appears in July-October and have a different
pattern with wildfires in general. In conclusion, wildfires are highly correlated with EI Nino but
limited in primary intact forests. The fires dominantly appear in the deforested area, about 80%.
The rest 20% are in degraded forest and only less than 1% in primary intact forest.
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Introduction

The interaction between ocean and atmosphere has shown a major contribution to global climate
dynamics. The El Nino Southern Oscillation (ENSO) which consists of EI Nino and La Nina events
has been shown to have a massive connection with many large scale disasters such as flood, forest
fire and others (Fuller & Murphy, 2006; Bouma, Kovats, Goubet, Cox, & Haines, 1997; Yin, Yu,
& Chen, 2009). These two have different impacts for different regions, however, within a given
region, they usually have opposite effects. Some areas are drier during EI Nino events and wetter
during La Nina, while others get more rain in EI Nino years and less rain during La Nina.

ENSO is also blamed for many wildfires around the world. EI Nino increases fire in many
countries such as Indonesia, Vietnam and Australia (Gross, 2015). While La Nina can cause more
wildfire to occur in some US regions, like Utah, compared to the EI Nino season (Brown, Hall, &
Westerling, 2004).

Focusing on Indonesia, many people assume that fires in Kalimantan are directly related
to EI Nino events. This is because several massive forest fires have occurred in years with very
strong EI Nino events. The most notable one was in 1997/98 (Page, et al., 2002), when fires caused
an estimated 2.6 million hectares of burning land (Siegert, Ruecker, Hinrichs, & Hoffmann,
Increased damage from fires in logged during droughts caused by El Nino, 2001). More recently,
in 2015 (Huijnen, et al., 2016), Indonesia experienced its worst fire season in 20 years, when it
exceeded the US $16 billion economic loss (Edwards, Naylor, Higgins, & Falcon, 2020). Both
years had very strong El Nino. Thus a very strong EIl Nino is connected with massive forest fire
(Field, et al., 2016). The Oceanic Nino Index (ONI) value for those years was more than 2.0 for 3
months consecutively. However, forest fires do not occur in EI Nino years only.

Meanwhile, forest, specifically tropical forest, has the ability to resist from the fire and
drought conditions. The intact tropical forest ecosystem has a closed-canopy that limits solar
radiation reaching the forest floor, maintaining low temperature and high humidity underneath
(Bonan, 2008) (Baker & Spracklen, 2019). It is also resilient during drought by sustaining elevated
humidity (Uhl, Kauffman, & Cummings, 1988).

Many people assume that ENSO is the cause of fires in Indonesia, and numerous policy
solutions have been proposed based on that assumption. However, other than weather, ecological
and human activities have a significant impact on fire development (Lestari, Rumantir, & Tapper,
2016; Goldammer & Siegert, 1990). In this paper, it will examine to what extent ENSO influences
forest fire in Indonesia, mainly in primary intact forest.

Literature review
ENSO characteristic

The EI Nino is easily recognized by the Sea Surface Temperature (SST) measurement over the
pacific oceans. However, its definition is debatable amongst scientists. (Quinn, Zopf, Short, &
Kuo, 1978) divide the magnitude of EI Nino into 4 scales (strong, moderate, weak and very weak)
and produce a list of EI Nino events since 1726. The measurement was based on the phenomenon
around the west coast of Southern America and was often qualitative. To quantify the EI Nino, the
Japan Meteorological Agency defines the event which is consistent with the consensus of the
ENSO research community, as follows:
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1. Analyze monthly mean SST’s in 2° x 2° grids.

2. Calculate monthly SST anomalies averaged for the area 4°N-4°S and 90°-150°W. This is
essentially the region known as “Nino 3”

3. Find periods during which 5-month running means of the monthly SST anomalies in the
above-mentioned area are +0.5°C or more for at least six consecutive months.

Although the EI Nino occurs in 4 different regions, the research of EI Nino focuses on the
Nino 3 region, defined as 5°N-5°S, 90°-150°W, due to its significant impact on climate and ocean
(Trenberth, The Definition of EI Nino, 1997). Figure 1 illustrates the regions of different kinds of
El Nino.
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Figure 1. The area of monthly mean SST is calculated to define the occurrence of different EI Nino.

ENSO spatial pattern

El Nino and La Nina are the warm and cool phases of a recurring climate pattern across the tropical
pacific. The pattern can shift back and forth irregularly every two to seven years, and each phase
triggers predictable disruptions of temperature, precipitation and winds. These changes disrupt the
large-scale air movement in the tropics, triggering a cascade of global side effects. Figure 2 showed
the general spatial pattern of the EI Nino and La Nina events. The ideal pattern of EI Nino is signed
by the vast warm pool in the equatorial pacific oceans. This pool generates massive cumulonimbus,
which produces heavy rain, over the pacific. As the rainfall in the ocean, the dry air will sink in
the Indonesia and South America region. The spatial pattern of La Nina is the opposite of EI Nino,
heavy precipitation occurs over the Indonesian archipelago.
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Figure 2. The physical atmosphere of spatial pattern in El Nino (above) and La Nina (bellow) events.

Kalimantan forest fire

308

Kalimantan has more inhabitants per area where the species richness is the most resilient to forest
fire. This island incredibly has the third largest area in the world with 746.000 km? (Wooster,
Perry, & Zoumas, 2012). Kalimantan possesses the world’s highest concentrations of Dipterocarp
forest ecosystem. Figure 3 show Lowland Dipterocarp Forest and Upper Dipterocarp Forest are
accounted as the widest area with 306 t/ha and 274 t/ha, respectively; the characteristic of this type
of land is vulnerability to fire due to its drought-susceptibility even from small disturbance

(Guhardja et al., 2000; Siegert et al., 2001; Cochrane, 2003; Goldammer, 2007)
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Figure 3. Borneo land cover classification of the year 2008 (Langner, et al., 2015)
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Borneo has an equatorial tropical climate, with often relatively light winds and only small
annual temperature and humidity variations. The precipitation over Kalimantan is 3000 m every
year with seasonal variation which means the rainfall is high and crucial in this region (Hamada,
etal., 2002). The EI Nino regimes decrease this high precipitation in Borneo significantly, although
it never drops to zero (Kirono, Tapper, & McBride, 1999; Guhardja, Fatawi, Sutisna, Mori, &
Ohta, 2000). The record (fire activity on Borneo over the Pleistocene and the Holocene) from
Goldammer (2007) showed the climatic oscillations (e.g. glacial-interglacial cycles and the ENSO)
resulted in favourable conditions for fire ignition.

ENSO s impact on Indonesia

As mentioned in the previous section, global climate events such as EI Nino could encourage
atmospheric conditions over Indonesia to be the driver of fire. The appearance of El Nino could
decrease the amount of precipitation for 4-6 months in a row and is usually in the boreal winter
(June-August) which should be the rainy season, so it causes the chaotic seasonal phase of
Indonesia due to the “dry” of wet-season. Combining anthropogenic factors such as human ignition
and human-induced drainage could produce extremely low fuel moisture regimes. Moreover,
heavy fire areas might spread to the less disturbed area and peatland area, then ignite heavier fire
(Guhardja, Fatawi, Sutisna, Mori, & Ohta, 2000; Langner, Miettinen, & Siegert, 2007). This
extreme event is correlated with the vast forest fire in Indonesia when the uncontrollable and
undesirable fire burns many forest areas in Sumatra and Kalimantan.

DAILY EMISSIONS FROM INDONESIA FIRES EXCEED THOSE OF U.S. ECONOMY
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Figure 4. The comparison of Indonesia and US daily emission in the 2015 Indonesian massive forest fire.
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In 2015/2016, the very strong EI Nino occurred for more than 14 months then followed by
weak La Nina. This climatic condition is pursued by a huge fire in Indonesian forest which emits
a huge amount of carbon and other gases. Figure 4 portrays the daily emission of 2015 Indonesian
fires is 4 times higher than the daily emission in the US. According to the government, 2.6 million
hectares of Indonesian land were burnt between June and October 2015, an area four and half times
the size of Bali. By October 2015, eight provinces had burned more than 100.000 hectares each
(Adriani, Moyer, Kendrick, Henry, & Wood, 2016).

Method and study area

In this research, the fires are defined by their location. It is divided into 3 different areas which are
Primary Intact Forest, Degraded Forest and Deforested/Outside Forest. This illustrates the exact
location of the fire, it is in the forest or not. Then the temporal patterns are compared with Oceanic
Nino Index to show the connection of fires on those 3 regions with EI Nino.

Oceanic Nino Index

The presence of ENSO can be determined by index, one of it is Oceanic Nino Index (ONI) which
is produced by NOAA (National Oceanic Atmospheric Agency) on a real-time basis. ElI Nino
presence is defined by ONI show +0.5 or higher (Glantz & Ramirez, 2020), indicating that the
region of the east-central pacific is significantly warmer than usual. On the other hand, if the ONI
is -0.5 or lower, this indicates a La Nina event, meaning the region is cooler than usual (Dahlman,
2016).

This index is calculated by the average of Sea Surface Temperature (SST) on the region of
Nino 3,4 for 3 months consecutively (Trenberth & Stepaniak, 2001) (Rasmusson & Carpenter,
1982). This number is then compared with the average of SST over 30 years (Trenberth, 1997).
Based on this calculation, El Nino or La Nina events can be classified as Low, Moderate and
Strong/High, as shown in the table 1.

Table 1. Classification of ENSO magnitude.

Low Moderate High
El Nino +0.5t0 +1 +1to+1.5 >+1.5
La Nina -05t0-1 -1to-1.5 <-15

This index is important to define the ENSO phase (EI Nino; La Nina; normal) and the
magnitude (Low; Moderate; High). Then, it can analyze the spatial-temporal condition of forest
fire in every phase and magnitude of ENSO.

FIRMS MODIS Active Fire

The active fire data is gained from satellite MODIS. This uses the MODIS Collection 6 (standard
processing) MCD14ML from Fire Information for Resource Management System (FIRMS, 2021).
The MODIS itself is a daily dataset with a resolution of 1-kilometre pixel starting from 2001 to
2020 but it can be generated into monthly forest fires.
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Due to the property of MODIS, there are some limitations of this satellite to capture the small
scale/local fire. There are also factors from the cloud cover, tree canopy and heavy smoke.
However, the MODIS data information is adequate to capture the regional scale active fire
distribution.

To reduce the potential false alarm, this study plot only the hotspots with high-confidence
of fire. This confidence scale is set at more than 80% confidence. Then, the area also will be
classified as three different types of land, primary intact forest; primary forest with tree loss
(degraded forest); outside primary forest/deforested. This will give more detail of forest fire
occurrence.

Forest loss distribution

The fire might occur outside the area of the primary forest, this can lead to a misinterpretation of
the forest fire. Moreover, the primary forest cover changes every year. Here, the research uses
primary forest cover loss in Indonesia from 2000 to 2012 (Margono et al., 2014) to analyse the
location of the fire. In this dataset, the primary forest is divided into 2, intact and degraded. An
intact primary forest is an area bigger than 50,000 ha without any significant human-caused
disturbance and/or fragmentation (Potapov et al., 2008). A degraded primary forest is a primary
forest that has partial canopy loss and altered forest composition and structure (Margono et al.,
2012). While outside forest area is defined as the non-forest area of cleared/deforested forest. Thus,
they classified the area as:

Table 2. Class of Area in Kalimantan)

Classes Area explanation
Out of area study
No change of primary degraded forest from 2000-2012
No change of primary intact forest from 2000-2012
No change of non-primary from 2000-2012
Primary intact, cleared 2005
Primary intact, cleared 2010
Primary intact, cleared 2012
Primary intact, degraded 2005
Primary intact, degraded 2010
Primary intact, degraded 2012
10 Primary degraded, cleared 2005
11 Primary degraded, cleared 2010
12 Primary degraded, cleared 2012
12 Primary intact degraded 2005, cleared 2010
14 Primary intact degraded 2005, cleared 2012
15 Primary intact degraded 2010, cleared 2012
Source: Margono et al., 2014

O©Co~Noulh~,wWNE O

These classes of area are illustrated spatially in figure 5. The dominant classes are 1 (no
change of primary degraded forest from 2000-2012) and 3 (no change of non-primary from 2000-
2012). Since 2000, the area of primary intact forest is very limited, most forest has been degraded
or deforested.

The other classes of 10 (Primary degraded, cleared 2005), 11(Primary degraded, cleared
2010), 12 (Primary degraded, cleared 2012) are also significant. Thus, the clearing areas in the
degraded forest is dominant in every period.
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Figure 5. Spatial distribution of every forest class in Kalimantan (see table 2)
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From these classes, it is redistributed to classify the area in every year between 2000 and
2020. The areas are classified as Primary Intact Forest, Degraded Forest and Outside Forest (Table

Table 3. Redistribution of the class region (see Table 2).

2000-2005 2006-2010 2011-2012 2013-2020
Primary Intact 2,4,5,6,7,8,9, 256,809, 15 2,6,9 2
Forest 13, 14,15
Degraded Forest 1, 10, 11, 12 1, 7,11, 12, 13, 1,7, 8,12,14,15 1,7,8,9
14
Outside Forest 3 3,4,10 3,4,5,10,11,13 3, 4,5, 6, 10, 11,

12,13, 14,15
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Results and discussion

Kalimantan fire time distribution

Fire in Kalimantan appears almost every month during 2001-2020 (Figure 6). However, the
intensity of burnt areas increases in the July-October months. The fire became massive in 2002,
2004, 2007, 2009/2010, 2014/2015 and 2019. Although strong El Nino might cause a fire regime,
the magnitude of EI Nino is not always correlated with fire count. For example, in 2015 the ONI
showed a very high score, compared to other years, but the peak of fire count is similar to the 2002
and 2019 seasons.

Between 2011-2013 is the low La Nina season. During this year, the fire remains increasing
significantly between July-October. In this period, severe fire is mainly located in South Central
Kalimantan (Yulianti & Hayasaka, 2013). Although the intensity is not as high as the strong El
Nino season. Thus strong EI Nino has a dominant impact on fire in Kalimantan, but other factors
cause the fire.
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Figure 6. Fire count over Kalimantan during 2001-2020

The results show about 80% of fire appears in the Outside Forest/Deforested, around 20%
in Degraded Forest (Figure 7) and less than 1% in Primary Intact Forest. Reduction of tree canopy
in the deforested and degraded forest has a massive impact on regional and local climate (Schultz,
Lawrence, & Lee, 2017). The deforested region in Kalimantan experiences more extreme
temperature events (McAlpine et al., 2018).

As fires burn the area periodically, the area of Degraded Forest and Outside Forest get
bigger every year. The pattern of fire in Degraded Forest and Outside Forest is following a similar
pattern with Figure 6. However, there are some differences. For example, comparing 2002 and
2015 which has similar peak fires. In 2002, there were more fires in the outside forest, while in
2015 in degraded forest.
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Figure 7. Fire count by region between 2001-2020 within (a) Outside Forest and (b) Degraded Forest

Primary forest fire time distribution

Fire in the primary forest is measly compared to other types of regions, it is rare in tropical forest
ecosystems (Cochrane, 2003) (Goldammer, 2007). Primary Intact Forest is more resilient
compared with Degraded Forest, fire-affected on average only 0.9% of the primary intact forest
while 6.2-11% on degraded forest or deforested region (Nikonovas, Spessa, Doerr, Clay, &
Mezbahuddin, 2020). Although the pattern looks similar, the Primary Intact Forest fire has a
unique condition as shown in Figure 8. First, the fire never happens outside the June-October
months. Second, the highest forest fires appear in the 2004 season, not in 2015 when there is a
very strong EI Nino. Third, 2012 La Nina year has more fire than 2019 El Nino year.
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The study also composites the monthly fire into the yearly fire (Figure 9). The black line
is a primary forest fire and the bar is combines fire in all regions. The red bar is for EI Nino year.
Then, compare the fire in all regions with fire in primary forest only. In general, the fire follows
the same pattern for both. The only main difference appears between 2002-2006. In the primary
forest, the 2004 fire is higher than in 2002 and 2006. But in the combined region, 2004 saw a lower
fire count compared to 2002 and 2006.
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Figure 9. Comparison of yearly fire between primary forest fire and all-region fire

To get more detail, the research also plots the spatial distribution of forest cover in Figure
10. The region of Primary Intact Forest remains stable in every period, with almost no significant
change. Meanwhile, degraded forest and outside forest areas decreased significantly from 2000 to
2012. Then, these regions bounce back and increase periodically between 2013-2020.
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Figure 10. The distribution area of Primary Intact Forest, Degraded Forest and Outside Forest in four periods (2000-
2005, 2006-2010, 2011-2012, 2013-2020)

Variability primary forest fire and EI Nino
The monthly time series are plotted of Primary Forest Fire and ONI (Figure 11) to clarify the

variability of these two phenomena. The fire appears almost every year and the general pattern of
fire count is similar to ONI. However, there are some anomalies. For example, the 2004 season
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showed almost 40 fire counts in moderate El Nino, while very strong El Nino years like 2015 only
gained half of it. The primary intact forest is highly resilient to fire as its monthly fire is
considerably very low compared to other types of the region which reach 3.000-8.000 fire count
in a month.

FIRE
COUNT

[ Primary Forest Fire  ——EI Nino Index

Figure 7. Time-series of monthly primary forest fire and EI Nino Indeks.

Unfortunately, the remaining primary forest in Kalimantan is miserable. There are only
209.649 km? left or 28.4% of the whole Borneo (Gaveau et al., 2014). Moreover, the fire-resistant
forest only covers 4.5% of the non-peatland and 3% of the peatlands area (Nikonovas, Spessa,
Doerr, Clay, & Mezbahuddin, 2020). This is not only caused by fire (Goldammer & Siegert, 1990)
(Siegert, Ruecker, Hinrichs, & Hoffmann, 2001), but also conversion to plantation and wood
logging (Brookfield & Byron, 1990).

Conclusion

El Nino has a significant impact on fire in Kalimantan, although it is not the only dominant factor.
However, the majority of fires do not occur in primary intact forest areas. Only less than 1% of the
fire is in primary forest, about 20% in degraded forest. The rest almost 80% of wildfire occurs in
the area outside forest/deforested area. Forest area, especially primary intact forest, is very resilient
from fire. It needs very high dry conditions to start a fire in this region. This condition mainly
appears during the dry season between (June-August). Sometimes, it is until October. Thus, the
fire never occured outside the June-October period.

Then, looking at the variability, primary intact forest fire has shown different patterns
compared with the general pattern of wildfires in Kalimantan. Higher EI Nino Index did not always
mean there are more massive fire within the primary intact forest. So, EI Nino has less impact on
the primary intact forest. In general, as fires are low in primary intact forest regions, it is hard to
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say that EI Nino is a dominant factor of primary intact forest fire in Kalimantan. But, the impact
of EI Nino is clearly shown in the other area outside of the primary intact forest.
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