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Paper :

Drought Index for Peatland Wildfire Management in
Central Kalimantan, Indonesia during El Nifio Phenomenon

Novitasari Novitasari*!, Joko Sujono™*, Sri Harto™, Azwar Maas"?, and Rachmad Jayadi"*

"1 Department of Civil and Environmental Engineering, Faculty of Engineering, Universitas Gadjah Mada, JI. Grafika No 2, Yogyakarta, 55281, Indonesia
fCorresponding author. Tel.: +62 274 545675; Fax: +62 274 545676, E-mail address: jsujono@ugm.ac.id
“2 Department of Soil Science, Faculty of Agriculture, Universitas Gadjah Mada, JI. Flora, Bulak Sumur, Y ogyakarta, 55281, Indonesia

Peatland wildfires, especially in tropical ecosystems
are due to drought and have caused smoke and
other related problems in all aspects of community
life in Indonesia, especially in Central Kalimantan.
Drought is worsened by the number of drying days
in the dry season, El Nifio phenomenon, and
drainage system in a peatland. Drought decreases
the water table and triggers wildfire in a peatland.
This research aims to modify numerical formula of
drought factor (DFt) in the Keetch-Byram Drought
Index (KBDI) of tropical peatland wildfire
condition in Central Kalimantan during El Nifio
phenomenon in 2015 and to apply peatland water
table reference are about 400 mm below the ground
surface based on previous research and the
Government regulation on peatland ecosystem
protection and management in Indonesia. This El
Nifio conditions caused about 30% rain decline in
Block A, Ex-Mega Rice Project (EMRP),
Mantangai sub-District, Kapuas District, Central
Kalimantan Province. The modified KBDI is
compared with the Number of Fire Alerts (NFA) by
using NASA’s active Fire Data in 2015. The analysis
results show that modified DFt under tropical
peatland conditions leads to an increase in the
drought index value, which begins on the
predominant drying day in July to October 2015.
The extreme KBDI drought index increased from
375 to 400 from September to November 2015 as
much as 51 extreme drought indices became an
indicator for peatland wildfire risk assessment. The
extreme KBDI is directly proportional to the
number of NFA recorded during 2015, and the
highest number of fire occurred in October 2015,
with as much as 1746 hot spots with 25 days
extreme drought indices from 27 drying days.
Hence, the modified formula is suitable for this
peatland wildfire condition in Central Kalimantan.
Overall, the modified DFt could be applied to El
Nifio phenomenon and other water table reference
under different land conditions.

Keywords: Keetch-Byram drought index, Drought

factor, Number of Fire Alerts, EI Nifio, peatland
wildfire
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1. Introduction

The forest wildfire in Indonesia in 2015 is the
largest wildfire in the last ten years in terms of the
amounts of trace gases, and aerosols released [1]. The
severity of this wildfire is similar to the disaster that
occurred in 1997 [2]. Forest wildfires in Indonesia not
only occur in upland but also in wetlands [3]. These
forest wildfires mainly occur in tropical peatlands [4].
Wildfires in tropical peatland occupy an area
equivalent to 10.8% of the Indonesia’s land area [5].
Among tropical countries, Indonesia has the largest
tropical peatland, which is about 14 million ha and
mainly spreads in Sumatra, Kalimantan, and Papua [6].
Indonesia’s peatland is a part of the tropical peatland
in Southeast Asia [7]. Tropical peat comprises
accumulated organic materials in a wetland ecosystem
[8]. A tropical peat is formed in forests under wetland
conditions with the production of large quantities of
organic materials [9, 10]. Organic materials include
trees in tropical forests [7].

Indonesia’s peatland is developed by building a
drainage system. Canals are intended to decrease the
water table in the peatland. These canals are utilized to
support the cultivation of crops, such as oil palm and
acacia. The decrease in the water table can cause the
peat to become over drained and more flammable,
thereby damaging the ecological balance and
eliminating forest and peatland biodiversity [10].
Peatland is commonly burned by people to minimize
production cost, but this practice may cause
uncontrolled peatland wildfires [11]. In addition to
human-caused fires, peatland wildfires are caused by
meteorological drought factors, such as lack of rainfall
and high evaporation rate [12]. The water table also
decreases due to drain and causes wildfire risk. Dry
peatland, which is fundamentally unstable, will lose
water from the pores of the soil, allowing oxygen to
penetrate into the pores and oxidize the peat through
biological and chemical processes [13]. Peatland
wildfires not only cause rainforest degradation [14]
and affect biodiversity [15] but also release smoke
from carbon emissions to the atmosphere; smoke
harms the human body and leads to loss of lives and
property [16]. Peatland wildfires spread slowly
through the surface, and those classified as smoldering
type are absorbed by subsurface and organic layers
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[17]. This type of fire is difficult to be detected [18].
Smoldering wildfire causes the lateral spread of flames
under different moisture and wind conditions [19] and
creates strong smoke that spreads over extensive areas
[20]. Drought and fires are important components for
the dynamics assessment of tropical peat forests [21].

The risk of wildfires increases due to frequency and
duration of drought [22]. Drought is a condition that
cannot be managed [23] and has affected millions of
square kilometers of land in many areas, such as North
America, West Africa, and East Asia [24]. In
Indonesia, drought in peatlands causes wildfires as
sub-surface fires all around the ecosystem. These
wildfires cause smoke to spread to other countries,
such as Malaysia [25] and Singapore. Fires occur
almost every year in Indonesia during the dry season.
Wildfires usually occur between June and September
and will intensify during El Nifio [26]. EI Nifio is a
natural phenomenon characterized by the warming of
temperatures in the Pacific Ocean and causes drought
in the Asian region [27]. EI Nifio decreases the amount
of rainfall in Indonesia [16].

A situation with less than normal water availability
due to climate variability may cause drought [28].
Decreased amount of rainfall is also one of the causes
of drought, namely, meteorological drought [29]. This
type of drought appears in various components of the
hydrological cycle [30]. In Indonesia, meteorological
drought is accompanied by dry peatland caused by the
decline in the water table and changes in the physical
properties of peat due to the drainage system. Drainage
system forces water to fall from the land to the drains
and continue to the water body. Internal factors cause
the land to become drought and flammable. Some fires
are also caused by human activities, such as land
clearing.

Drought causes wildfires in a complex process, and
drought index cannot be easily specified. No index can
explain the complexity of drought and its impact [31].
In a previous meteorological drought analysis, the ratio
between the amount of available water, especially rain,
and the amount of water loss due to evaporation
process is called drought index. Furthermore, the
drought index can be used as indicator to determine the
classification of the drought level of a particular region
or area [28]. Many drought indices have been
expanded to appraise the scale, type, and impact of
drought [32]. In forestry, many drought indices are
designed for fire risk assessment [33]. The most widely
used drought indices are the Nesterov index, the
Zhdanko index [34], the Angstrom Index [35], the
Baumgartner index [36], the McArthur forest fire
danger index [37], and the Keetch-Byram Drought
Index (KBDI) [38]. KBDI is one of the most widely
used indices for forest fire control management under
various climatic conditions [31]. KBDI was first
developed for forest fire control management in the
sub-tropical Florida region in USA [38]. KBDI was
also developed to be suitable under Mediterranean
conditions. This study provides accurate results in
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forestry and fire risk management in Thessaloniki,
Northern Greece [39].

A previous study of Petros, et al (2011) obtained a
high response between the modified KBDI in a
Mediterranean climate to the data of real moisture in
the region. The modified KBDI used under rainfall
conditions in Mediterranean takes on higher values
during summer months to estimated fire risk in that
study area [39]. The modified index in Mediterranean
climate was verified by testing the KBDI of pine
forests in the southwestern province of Valencia, Spain
under sub-tropical and Mediterranean climate
conditions in terms of tree growth density and water
balance for forest fire control [40]. The application of
KBDI in the Hawaiian Islands under sub-tropical and
Mediterranean climate conditions shows that it can
represent fire activity in the region. This research
concludes the strong relationship between KBDI and
total burned area in Oahu, Maui and Hawaii islands
[41]. KBDI was also tested on four rain stations in
Malaysia, namely, Kota Bharu Station (Kelantan),
Kuching (Sarawak), Sandakan (Sabah), and Subang
(Selangor). The KBDI scores obtained in these stations
were used to present trends that can be used in forest
fire management in Malaysia that has tropical climate
[42]. The KBDI in Indonesia was also applied to
wetlands in Ogan Komering Ilir, South Sumatra and
lead to more accurate results in predicting fire hazards
in wetland areas by adding water table factor (WTF).
The critical water table to achieve the maximum fire
hazard is 0.85 m for the wetland forest area in the area
[43]. KBDI was also used by the International Forest
Fire Management Project for forest fire control in East
Kalimantan and exhibited more accurate result than the
Nesterov index [44]. Evaluation of the performance of
KBDI under some climatic conditions, ranging from
sub-tropical climate, Mediterranean climate, and
tropical climate, reports that KBDI is a flexible
drought index for almost all climatic conditions and
may represent forest fire control. Therefore, this study
aims to test the behavior of KBDI for peatland
wildfires in Central Kalimantan under tropical climate
conditions affected by the El Nifio disaster in 2015.
This El Nifio conditions caused significant rainfall
decline in most parts of Indonesia.

2. KBDI Index and some modification

2.1 KBDI and wildfire risk assessment

KBDI was first introduced to manage forest fire
control under sub-tropical climate. This index
represents the net effect of evapotranspiration and
precipitation on cumulative moisture deficiency in
deep duff or upper soil layers and is related to the
flammability of organic materials in the ground [38].
KBDI is applied to human activity-caused fire and sub-
surface fire. Under sub-tropical climate, the average
annual rainfall Ry is 1270 mm/year, the maximum
temperature (Tm) is 26.7 °C, and the corresponding

2
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field capacity of available water in the layer (wc) is 203
mm. KBDI is determined using Equation (1).

KBDI, = KBDI, + DF, — RF, (1)
where:

DF¢ = drought factor (mm)

RF¢ = rainfall factor (mm)

t = time (day)

The value of rainfall factor (RF;) is determined by
meteorological data in the form of annual rainfall and
daily rainfall. RF; more than 5.1 mm/day is considered
a reduction in the drought index and determined with
the following equation [38].

(R; —5.1),R; =51 Z%, 1st rainy day

5.1mm

RF; ={R,, R;_, = day » 2nd and the next rainy day (2)

0, Ry < 5.1mm/day

Drought factor (DF) was determined based on the
basic theory of soil moisture degradation in the forest
area for fire control by assuming the following: (1) the
field capacity of the organic layer is taken as 203 mm of
water in excess of moisture hold by the layer at the
wilting point; (2) the organic soil layer obtains moisture
from rainfall and loses  moisture  from
evapotranspiration, and the lowest moisture level is
detected at the wilting point; (3) the rate of
evapotranspiration is a function of meteorological
variables and vegetation density, and (4) the vegetation
density is a function of the mean annual rainfall (Keetch
& Byram, 1968) as follows:

(a.e(b"Tm+1'5552)—c)x10_3

1+10.88.e(—0.001736.Rq)

DFt = (WC - KBDIt_l)X

®3)

where:
DF¢ = drought factor (mm)
We = the corresponding field capacity of available

water in the layer (mm)
KBDIt1 = moisture deficiency (KBDI at t-1)

™™ = daily maximum air temperature (°C)

t = time increment (day)

Ro = average annual rainfall (mm/year)

aand ¢ = coefficient influenced by the mean annual
rainfall (Ro)

b = coefficient influenced by evapotranspiration

Based on calculations in the Forest Service
Research paper SE-38, the evaporation time for 26.7
°C and the annual rainfall of 1270 mm/year (t26.7:1270)
is 56.41 days; this value is only affected by
temperature. The evaporation time for the temperature
0f26.7 °C and the annual rainfall of co mm/year (t26.7::0)
is 0.4545.t671= 25.64 days. The coefficient an in
Equation (3) become 0.968, and the coefficient ¢
become 8.3 (Keetch & Byram, 1968); thus, Equation
(3) becomes Equation (4).
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_ (203-KBDIt™1) (0_968e(o.os75xrm+1.sssz)_8_3)x10—3
DF, = 1+10.88e(—0.001736xR0) (4)
2.2 KBDI index modification in tropical
climate
2.2.1 KBDI index modification in tropical wetland

conditions

Taufik et al. (2015) modified DF; affected by
annual rainfall and evapotranspiration in a tropical
climate through changing the values of the coefficients
a and c in Equation (3) adjusted to the annual rainfall
(Ro) in tropical climate. The mean annual rainfall in
tropical climate is 2500 mm [43]. The evaporation time
for the same temperature used by Keetch & Byram
(1968) is 26.7 °C, and the annual rainfall for the
tropical climate of 2500 mm/year (t26.7:2500) IS 56.41
days. The evaporation time for 26.7 °C with an annual
rainfall of o mm/year (tz7.) IS equal to
0.8831.t26.7:2500= 49.8 days. The coefficient a becomes
0.4982, and the coefficient ¢c becomes 4.268. Equation
(4) becomes Equation (5).

_ (203-KBDI*™1) (0.4982¢0XTM+15552)_ 4, 268)x1073
- 1+10.88e(~0.001736xR0)

DF, (®)

Taufik et al. (2015) concluded that the loss of
evapotranspiration in tropical climate is higher than
15% relative to that in sub-tropical climate; thus, the
coefficient b in Equation (5) becomes 0.0905 as in
Equation (6).

_ (203-KBDI™1) (0.4982(00905*Tm+15552) 4, 268)x1073
- 1+10.88¢(—0.001736xR0)

DF,

(6)

2.2.1 KBDI modified under tropical conditions
followed by EI Nifio

The formula of DF; [Equation (6)] has been
developed to represent the average rainfall conditions
in wildfire risk control for tropical wetland
ecosystems. However, wildfires in tropical forests,
especially those in Indonesia's tropical forests, are also
affected by ElI Nifio phenomenon, which causes
extreme warming to the equatorial Pacific. EI Nifio
causes severe droughts in Australia, Indonesia, India,
and South Africa, and the amount of rainfall is below
the normal conditions [27]. In 2009, in the Southern
part of Kalimantan shows low precipitation, which
causes peatland drying and easy spread of fires [45].
Analysis of rainfall from three stations in the study
area indicates that when El Nifio happened in 2015,
rainfall decreased by approximately 30% of the annual
average rainfall in tropical climate. The annual rainfall
at the study area was 1600 mm in 2015. The decrease
in rainfall affects the values of the coefficients a and ¢
on DF; in Equation (6).

In addition to the changes in the coefficients a and
¢ on DF, we was also modified. In the initial equation
of KBDI, the w; value is assumed to be 203 of soil
water available for evapotranspiration and expressed

3
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in hundredths of a millimeter [38]. The w; value was
on the scale from 0 to 203, where 0 shows no moisture
depletion and 203 indicate the highest depletion [43].
The we value is influenced by the depth of the reference
water table. This value was based on a peatland
research in the Netherlands that 400 mm depth of
reference water table to avoid peat subsidence [11].
Peat dryness correlated with wildfire and reduction of
groundwater level [46]. The Government Regulation
of the Republic of Indonesia No. 71 of 2014 [47] on
peat ecosystem protection and management of clause
23 point 3, that was revised into regulation No. 57 of
2016, stating that peat ecosystem with cultivation
function could be damaging if water table depth is
more than 400 mm below the peat surface [48].

Based on the average rainfall data of 2015 and
water table data, the evaporation time at 26.7 °C and
the annual rainfall of oo mm/year (t7: ) IS
0.6175.t26.7:1600 = 68.6 days for Ro = 65 (1600 mm).
Based on the values the coefficient a become 0.3614
and the coefficient c become 3.1027. The w, value used
is 400 mm, which is according to the criterion of the
water table reference for peat conditions. Equation (6)
becomes Equation (7).

_ (400—KBDI*~1)(0.3614€(0-0905¥Tm+1.6096)_3 1027)x1073 @
- 1+10.88¢(~0.001736xR0)

DF,

The new value of wc causes a change in KBDI
classes. The water table ranges from 0 to 400 mm. The
water table at 400 mm below the surface is considered
to cause the maximum drought index and cause a fire
risk in peat ecosystem. A water table of 0 mm, where
water is on the surface of the land, is expressed as an
ideal peat condition that is always inundated. Based on
the result of the correction of DF; as in Equation (7),
the value of KBDI classes that adjusts to the change of
we value is corrected. Drought index classes are
divided into four levels as in Table (1).

Table 1. Drought index classes of KBDI modified for tropical
peatland conditions

KBDI index in tropical peatland classes
conditions
0-200 low
201-300 moderate
301-350 high
>350 extreme

3. Data

3.1 Description of the study area

The Mega Rice Project of one million hectares of
peatland in Central Kalimantan damaged the tropical
peat forest [49]. The present study was conducted in
Block A, the Ex-Mega Rice Project (EMRP) located in
Mantangai sub-District, Kapuas District, Central
Kalimantan Province (Figure 1). The area undergoes
land clearing, which causes the peatland to become dry
and flammable. Drought index for peat wildfire risk
assessment was evaluated under peat wildfires
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conditions in 2015. The largest wildfires occur in
tropical peatlands, one of which is in a tropical
peatland in Indonesia. Peat wildfires also occur in the
EMRP area in Central Kalimantan [50]. The Mega
Rice Project was opened in 1996 until 2009 and caused
400 thousand ha of tropical rainforest to be opened.
EMRP is a program that considerably fails to conserve
peatland in Indonesia [49]. The exploitation of forest
and peatland in EMRP land occurs with the
construction of drainage networks systems [49]. The
drainage network systems divide peat domes, causing
massive damage to peat dome, resulting in its loss of
function as field reservoirs, land subsidence, and
decreased water table [51]. This phenomenon causes
irreversible drying peat, which triggers forest and
peatland wildfires [52]. In addition to decreased water
table, peatland wildfires are due to rainfall reduction
(the number of drying day) due to the EI Nifio
phenomenon, which usually occurs from September to
October.

Figure 1.a. Study area on Block A of Ex-Mega Rice Project, b.
The conditions of peatland wildfires was found on October 19,
2015, c. post-wildfire conditions in peatlands around canal C,
d. Canal D post-wildfire, and e. Canal E post-wildfire in
November 2015

Figure (1.a) shows the location of present research
on the Block A of the EMRP in Mantangai sub-
District, Kapuas District, Central Kalimantan
Province. The areas studied include C, D, and E canal.
The highest number of fire alert (NFA) was found on
October 19, 2015. The conditions of peatland wildfires
in Kalimantan captured by the Moderate Resolution
Imaging SpectroRadiometer (MODIS) from the
NASA Agqua satellite are presented in Figure 1.b. This
image was taken on October 19, 2015; the red line
indicates a hot spot where the sensors detected
unusually warm surface temperatures associated with
fires, and gray smoke indicates the landfill condition
[53]. Figure 1.c shows some post-wildfires conditions
in the peatland around C canal. Figure 1.d shows post-
wildfires around D canal and Figure 1.e shows around
E canal in the Block A of EMRP in Mantangai sub-
District on November 2015.
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3.2 Data

Rainfall data were recorded near the study area,
such as in Tjilik Riwut, Beringin, and Sanggu Rain
Station (http://dataonline.bmkg.go.id). Rainfall data
were analyzed from 01 January 2015 to 31 December
2015, and the total dry days were 263 days, which are
more than 70% from the total in 2015. The NFA in the
form of hotspots was  obtained  from
http://fires.globalforestwatch.org by using NASA's
Active Fire Data to determine the possible location of
fires on earth. The system uses NASA MODIS
satellites, which survey the entire earth every 1-2 days.
The sensors on these satellites detect hot marks in
infrared spectral waves. During processing of the
satellite imagery, the algorithm looks for a heat sign
and detects it as a fire sign. The system can indicate
where a fire occurred and can give warning [54].

3.3 Methods

In this study, a modified KBDI was developed for
wildfire risk assessment under tropical peatland
conditions influenced by EI Nifio; modification to
baseline groundwater conditions for peatland affects
the we value. The modified index was compared with
KBDI under tropical wetland conditions [43]. The
results of two index modifications were compared
against NFA recorded in peat forest, Block A,
Mantangai Sub-district, Central Kalimantan Province,
on 2015.

4, Results and discussion

4.1 Rainfall Data

Based on observations, rainfall from the three rain
stations is almost uniform, with an average annual
rainfall of 1600 mm (Ro = 65 in). This rainfall value is
below the average annual rainfall of areas with tropical
climate. The mean annual rainfall under tropical
climate ranges from 2000 nm to 3000 mm [43]. The
decrease in rainfall is caused by EI Nifio in Indonesia.
The average monthly rainfall at the three stations in the
study site is the highest (134 mm) on November 2015.
The net rainfall or rainfall factor (RF) is calculated
with Equation (2) to determine the number of drying
days (Figure 2). Drying day conditions in July as much
as 30 days, 28 days in August, 30 days in September
and 27 days in October 2015.

4.2 Number of fire alerts data

NFA data during 2015 in Mantangai, Central
Kalimantan is shown in Figure 2. On that year, the
NFA reaches as many as 30,121 events in Central
Kalimantan Province and 3,544 events in Mantangai
sub District. The NFA event in Mantangai is 3525
events from July to November 2015, as much 12.1%
from 29171 events in Central Kalimantan. NFA began
to increase from July to November 2015, and the
largest number of NFA on October 2015 is as many as
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1741 events in Mantangai. These data show that the
number of hotspots in October represents half of the
NFA over the year 2015.
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Figure 2. Net rainfall/rainfall factor (RFt) and number of fire
alerts (NFA) in 2015

4.3 Keetch-Byram Drought  Index
analysis
Based on the results of the analysis using DF; under
tropical wetland conditions [43] and under tropical
peatland conditions influenced by EI Nifio
phenomenon, the change in the wc value is shown in
Figure 3.

(KBDI)

400

w
S
S
~,

I
=
S

KBDI index

Day

KBDI Tropical Wetland Condition
------- KBDI Tropical Peatland E1 Nino Condition

Figure 3. Comparison of KBDI tropical wetland conditions
and modified KBDI of tropical peatland conditions influenced
by El Nifio phenomenon

The KBDI level with DF; formula under tropical
wetland conditions of low-drought index level was 222
data, the medium drought index was 43 data, the high
drought index as much as 65 data, and the extreme
drought index was 35 data. In the calculation of KBDI
with modified DF; formula under tropical peatland
conditions, which was influenced by EI Nifio
phenomenon, the extreme drought conditions increase
to 51 occurrences, which started in September until
November 2015. The extreme conditions are presented
in Table 2.

Table 2. Extreme drought level conditions

July August Sept Oct Nov
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KBDI tropical High 13 16 10 18 8
wetland

conditions Extreme 0 0 20 13 2
r'f]';?if'ied o High 13 27 1 6 3
tropical

peatiand Extreme 0 0 19 25 7
conditions due

to El Nifio

Number of

Fire Alerts event 19 488 1272 1746 10
(NFA)

Based on the 30% reduction in rainfall occurring at
the study area in 2015 due to El Nifio and the change
in w, caused by groundwater table change, the extreme
drought index increased. In calculating KBDI with DF;
formula under tropical wetland conditions and tropical
peatland conditions, extreme drought levels began to
occur in early September 2015. KBDI response with a
formula under tropical wetland conditions with KBDI
with DF; under tropical peatland conditions was
affected by El Nifio against fire risk assessment
represented by some fire points (NFA). The
association of KBDI with DF; formula under tropical
wetland conditions and the DF; formula correction of
tropical climate affected by El Nifio compared with
NFA in the study area is shown in Figure 4.
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Figure 4. KBDI modification in tropical climate with NFA
events in dry months (July to November 2015)

Figure 4 shows the high to the extreme drought
index from the beginning of July to November 2015,
representing the occurrence of a starting point of fire
beginning in July 2015 from KBDI modification under
tropical wetland conditions and tropical peatland
conditions.

1. Index response with DF; formula under tropical
wetland conditions

Based on the analysis of KBDI with DF; formula on

tropical wetland conditions, no extreme drought

occurred at the beginning of July and August.

Extreme drought indices occurred in September

2015 as many as 20 events, October 2015 as many

as 13 events, and November 2015 as much as two

events. Based on NFA data recorded in July, the

study site has 19 hotspots, followed in August 2015

(488 hotspots) and September 2015 (1272

hotspots); most events as many as 1746 hotspots

occurred in October. The highest level of extreme
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index occurred in September 2015 is not equal to
the highest NFA on October 2015.

2. KBDI responds with corrected DF; under tropical
peatland conditions
In the corrected DF; formula for tropical peatland
conditions affected by El Nifio with rainfall
reduction of 30% with RO = 1600 mm and
groundwater level 400 mm, high to extreme
drought level was obtained starting from September
to November 2015 as much as 51 indices. The
results are extreme drought index of 19 events in
September, 25 events in October, and seven events
in November 2015. This finding is consistent with
the presence of NFA data, where the starting point
of fire in July to the highest fire spots in October
2015 as many as 1746 hot spots. Those hot spot
conditions in October 2015 are represented by
extreme drought conditions that covers 25 days of
the month.

4.4 Discussion

Based on KBDI analysis in 2015 between corrected
DF: modification under tropical wetland conditions
and tropical peatland conditions compared with the
number of fire alerts in Mantangai sub-District, the
results show that:

1. The faster response of KBDI modification index
under tropical peatland conditions adequately
represents real fire risk assessment recorded in
2015. KBDI modification under tropical peatland
conditions increases from the high index level to
the extreme index level at the value of 375 and
continues to rise to the maximum value of 400
starting on September 12, 2015, representing NFAS
of as much as 20 events that day. KBDI
modification under tropical wetland conditions
increases from high index level to extreme index
level on September 11, 2015, with only represented
by 1 NFA data. That extreme level of KBDI
modification under tropical peatland conditions
could potentially trigger wildfires in peatland.

2. In October 2015, the NFA events in Mantangai are
as many as 1746 events with the KBDI
modification under tropical peatland conditions
shown by 25 extreme indices while in KBDI
wetland modification only indicated by 13 extreme
indices.

3. According to the modified DF; under tropical
peatland conditions, the estimated fire danger is
higher than 16 indices in September to November
2015 in the study area with the corrected water table
into 400 mm.

Modified KBDI under tropical peatland conditions
seems to perform better in wildfire risk assessment of
the peatland during El Nifio in 2015 compared with
other empirical KBDI parameters. The results are
accordance with those of previous Kalimantan Forests
and Climate Partnership (KFCP) observations. Based
on a study of KFCP from 2004 to 2013 in the study
area, daily wildfires indicated fire at the same location
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and month. Fires occur in late July to early November.

The peak of the fire occurred in September [55].

Previous research on the smoke hazard posed by forest

wildfires from 2001 to 2010 showed a large landfill

trend occurring from mid-August to end of October

[56]. Thus, by consideration the drought index formula

under tropical peatland conditions have several general

principles about the use of any empirical drought
indices are:

1. The KBDI formula should be based on the net
rainfall factor set by the R threshold. This threshold
for tropical conditions still uses the same threshold
in the previous KBDI formula defined under sub-
tropical conditions.

2. Peatland wildfires are not just caused by
meteorological conditions but also by many
internal factors in the soil, such as peat
decomposition, physical properties, water holding
capacity, and capillarity rise.

3. Peatland wildfires are also affected by peatland
unwise management, similar to building drain canal
in the peat dome that changes water table.

5. Conclusion

KBDI modification by correcting DF; formula
against the referenced water table level for peatland
and influenced by rainfall reduction due to the El Nifio
phenomenon can represent NFA in peatland. The
analysis results show the behavior of the KBDI of
drought correction (DF:) under tropical peatland
conditions already represented by some drying days
dominant occurring from July to October 2015. The
extreme index increasing from 375 to reach a
maximum value of drought index of 400 occurred from
September to October 2015 become the indication of
peatland wildfires risk assessment. 25 days extreme
index from 27 drying days in October 2015 that
represented as many as 1746 hotspots of peatland
wildfires occurred in the research area. It indicates that
formula modification is suitable for this condition.
Finally, based on this research, the modified DF; can
be applied to El Nifio phenomenon and other water
table reference under different land conditions. In
addition to meteorological and water table factors that
affect drought management in peatland, several
supporting factors must be considered, such as peat
decomposition, physical characteristics, water holding
capacity, and capillarity rise. The lower physical
properties of peatland lead to larger wildfires with the
same number of drying days.
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English grammar and readability still need to be improved. In addition, I identified one
critical concern regarding time calculation in the revised manuscript. My major and

minor comments are listed below.

Critical concern:

I found the fundamental error in the authors calculation presented in Lines 231-257
and 318-322 and suggest to remove the text. If the authors want to keep the text, these
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description should be replaced by “The equation of evapotranspiration timelag t with
daily maximum temperature (Tm) and annual average rainfall (Ro) as follows”, see the
Keetch, J.J. and Byram, G.M. (1968). Drought Index for Forest Fire Control. Res. Pap.
SE-38. Asheville, NC: U.S. Department of Agriculture, Forest Service, Southeastern
Forest Experiment Station. 35 p., https://www.srs.fs.usda.gov/pubs/rp/rp_se038.pdf
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Lines 235-257: Remove the text, see my critical comment above.
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Line 412: Replace “to be opened” by “cutting”

Line 415: Replace “with” by “due to”

Line 488-494: Replace “the change in wc¢” by KDBI and RF of 2015 are shown”, because
the we is not shown in Figure 3.

Lines 495-506: Replace “data” by “values”.

Line 520: Replace “some fire points (NFA)” by the number of fire alerts (NFA)”

Line 522: Replace figure caption with “Keetch-Byram Drought Index (KDBI) values and
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number of fire alert”.
Line 529: Add “T'wo important findings are:”
Line 567-571: Rewrite by making two sentences.
Line 610: What is “large landfill trend”?
Line 660: Remove “dominant”
Line 662: Remove “of drought index”
Line 664: Replace “wildfires” by “wildfire”
Line 671: Replace “land” by “land-use”

Line 629-646: Remove text as it 1s not a discussion and is redundant.
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Thank you for the paper discussing on KBDI and NFA relationships for mainly 2015.

My comments are as follows.

Your analysis is just for 2015 and fire alerts concentrate in August to October. I don’t think that rainfall
in November and December affects fire alerts in the preceding duration. Further, why do you set 1600
mm as Ry, while your definition of Ry is average annual rainfall (mm/year)?

L202, You use R;without definition.
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1237 equation (4) is for T in Fahrenheit.
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L250-255 You wrote “tropical annual rainfall (Ro) as 2500 mm/year” but equation in L255 is the result



using 100 inches(2540 mm).

1252203 -> 203 mm

L.299 203 -> 203 mm

L301 in hundredths of a millimeter -> in millimeter

L316 What do you mean with “two”?

L327 and 330 Nino -> Nifio

L339 You wrote “Equation (7)”, but I cannot find Equation (7).

L342 Table (3) -> Table 3

L405 I cannot find Canal E in figure which include two Canal Cs.

L516-520 It is difficult for me to understand this sentence. Could you explain easier.

L.584-586 In this paper, you show just the relationship between KBDI modification and wildfires but
not cause and effect.

L.39-41 You show just a good relationship in 2015. You’d better write after checking another El Nifio

years.
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The authors did a good job implementing minor comments and fixing grammatical
errors that have improved the readability of the revised manuscript. However, I find
that the Equations presented in section 2.1 are still not fixed. In Line 211, Equation (3)
is adopted from Eq. (1) in [37] and the reference [43] should be changed to [37].

Equation (4) is missing a bracket in the denominator and the origin of this equation is



unknown. On page 31 of [43], the equation is given as by an empirical relationship of
daily potential evapotranspiration and daily temperature in degrees of Fahrenheit (see
Equation (13) of [43]):

Wa

t =
T.50 = 7353 exp(.0486T) - 3.015

In Lines 235-245, the time step of 56.41 days and 24.54 days was estimated by [43] and

equation (5) of this paper was adopted from Equation (16) of [43] in inches to mm:.

tr, R 2R} 1+ 10.88 exp(-.04400R) (16)
tr, Ry (2(R) 1+ 10.88 exp(-.04409R,)

These values should be referenced and modification in equation clearly stated.

In Lines 250-254, the time step of 49.9 days was estimated by [37] and not from
equations (4) and (5) as claimed by the authors. The reference should also be provided.
In summary, I find that the lack of attention to details by authors makes the credibility
of presented work questionable and the authors should carefully check previously

published equations and newly estimated coefficients prior to publication.
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You have changed parameters of DFt from previous manuscript but Table 5 is the same as previous

one. Is it OK.

Check arrangement of Table 5(November).
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wilting point; (2) the organic soil layer obtains moisture

from rainfall and loses moisture from evapotranspiration,

and the lowest moisture level is detected at the wilting
point; (3) the rate of evapotranspiration is a function of
meteorological variables and vegetation density, and (4)
the vegetation density is a function of the mean annual
rainfall [43]. The Basic formula of DF; from Equation
(18) of [43] is modified in Equation (4) of [37], and be
re-written in a, b, and c coefficients in Equation (10) of
[45] s follows:

e Tm+15552) _ ) 19-3

DF, = (WC - KBD[t*l) 1+10.88 ¢(—0.001736 Rg) (3)
where:
DF; = drought factor (mm)

W = the corresponding field capacity of
available water in the layer (mm)
KBDI1 = moisture deficiency (KBDI at t-1)

Tm = daily maximum air temperature (°C)

t = time increment (day)

Ro = average annual rainfall (mm)

aand ¢ = coefficient influenced by the mean annual
rainfall (Ro)

b = coefficient influenced by evapotranspiration

Under sub-tropical climate, the average annual
rainfall Ro is 1270 mm, the maximum temperature (Tm)
is 26.67 °C, and the corresponding field capacity of
available water in the layer (wc) is 203 mm [43].

i f [43] gives trs67; Ro = 56.41 days. If R
= o and Ro = 270 mm for sub tropical climate,
[Equation (48) ‘Of [43] gives t26.67, - = 0.4545 t26.67; 1270
= 25.64 days.

Reference [37] modified the drought-factor formula
(DFy) affected by tropical annual rainfall (Ro) as 2540
mm, we, and temperature used the same as [43] is
26.67°C. we is 203 mm. Reference [37] adjustment the
constants tx 7, - for tropical wetland climate as txs.67,
» =0.8831 126.67; 2540 = 49.87 daysl.

The coefficient a, b, and ¢ for the subtropical
condition [43] and tropical condition [37] can be seen
in Table 1.

Table 1. Climate variables and the coefficient drought factor

Variable Subtropical Tropical

Tm (°C) 26.67 26.67

Ro (mm) 1270 2540
a 0.9667 0.4982
b 0.0875 0.0875
c 8.30 4.27
We 203 203

2.2 KBDI index modification in the tropical
climate

2.2.1 KBDI index modification in tropical wetland

Reference [37] modified DF; affected not only by
annual rainfall and evapotranspiration in a tropical
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climate through changing the values of the coefficients
aand c. It concluded that the loss of evapotranspiration
in the tropical climate is higher than 15% relative to
that in the sub-tropical climate; thus, the coefficient b
in Table 2 become 0.0905 [37]. These coefficients used
as modification one in tropical wetland condition in
this paper.

2.2.1 KBDI modified under tropical peatland
followed by El'Nifio

The formula of DF; [Equation (3)] has been
developed to represent the average rainfall conditions

in wildfire risk control for tropical wetland ecosystems.

However, wildfires in tropical forests, especially those
in Indonesia's tropical forests, are also affected by the
El Nifio phenomenon, which causes extreme warming
to the equatorial Pacific. El Nifio causes severe
droughts in Australia, Indonesia, India, and South
Africa, and the amount of rainfall is below the normal
conditions [27]. In 2009, in the Southern part of
Kalimantan shows low precipitation, which causes
peatland drying and easy spread of fires [46]. Analysis
of rainfall from three stations in the study area
indicates that when EI Nifio happened in 2015, rainfall
decreased by approximately 35% of the annual average
rainfall in the tropical climate. The annual rainfall in
2015 at the study area was 1650 mm. The evaporation
time for the same temperature used by [43] is 26.67°C.

In addition to the changes in the coefficients a and
¢ on DFy, we was also modified. In the initial equation
of KBDI, the w, value is assumed to be 203 mm of soil
water available for evapotranspiration [43]. The wc
value was on the scale from 0 to 203, where 0 shows
no moisture depletion, and 203 indicate the highest
depletion [37]. The wc value is influenced by the depth
of the reference water table. This value was based on
peatland research in the Netherlands that 400 mm
depth of reference water table to avoid peat subsidence
[11]. Peat dryness correlated with wildfire and
reduction of groundwater level [47]. The Government
Regulation of the Republic of Indonesia No. 71 of
2014 [48] on peat ecosystem protection and
management of clause 23 point 3, that was revised into
regulation No. 57 of 2016, stating that peat ecosystem
with cultivation function could be damaging if water
table depth is more than 400 mm below the peat
surface [49]. So in El Nifio modified in this paper, Ro
is set as 1650 mm, Tr, is 26.67 and w, is 400. Based on
the above concept, adjustment constants from
Equation (13) of [43] in tropical peatland gives tos67:
1650 = 111.17 days and from Equation (16) of [43] tz6.67,
= 08175, tos 67 1650 = 68-65 days|

The decrease in rainfall affects the values of the
coefficients a and ¢ on DF; in Equation (3) for
modification 1 in tropical wetland condition [37], and
modification 2 in tropical peatland condition due to El
Nifio in 2015 can be seen in Table 2. The coefficient b
used is 0.0905 [37].

3 A 2 3EH0 [NN1]: a3: Line 211 Reference [37] for
tropical condition and reference [45] for a, b and ¢
coefficient

O A2 LB [NN2]: a3: tzse7; ro from Equation (13) }
[43]

[ O A 2 kOED [NN3]: a3: t.e7, from Equation (16) [43] ]

X 2 FD3EAN [NN4]: a3: te.er, - for tropical condition
from [37]

O A > kOsEM [NN5]: a3: using Equation (13) and
Equation (16) of [43]
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Peatland wildfires, especially in tropical ecosystems,
are often due-caused byte drought, and lead to have
caused-smoke and other related problems in all
aspects of community life in Indonesia, especially in
Central Kalimantan. Drought is worsened by the
number of drying days in the dry season, known as
the El Nifio phenomenon, and the drainage system
in a peatland. Additionally, dBrought decreases the
water table and increases the probability of triggers
occurrence of wildfires in-a peatland_areas. This
research—study aims to modify_the numerical
formula of the drought factor (DFy) in the Keetch-
Byram dBrought itndex (KBDI) ef—based on
tropical peatland wildfire conditions in Central
Kalimantan during the EI Nifio phenomenon in
2015. Furthermore, it and-te—appliesy a revised
peatland water table reference ofare-about 400 mm
below the ground surface, based on previous
research and the Government regulation on
peatland ecosystem protection and management in
Indonesia. Theseis El Nifio conditions causede a
rain_decline _of approximatelyabout 35%—rain
dechine in Block A, Ex-Mega Rice Project-{EMRP),
Mantangai sub-District, Kapuas District, Central
Kalimantan Province. The modified KBDI is
compared with the Number of Fire Alerts (NFA) by
using NASA’s Active Fire Data in 2015. The
analysis results shew-demonstrate that the modified
DF: under tropical peatland conditions leads to an
increase in  the drought index value,
beginningwhich—begins on the driest daysthe
predominant-drying-day betweenfrem July andte
November 2015. The-extreme value of the KBDI
drought index increasese from the high to the
extreme index from September to November 2015,
when as manyueh as 61 extreme drought indices
became an-indicators for peatland wildfire risk
assessment. The extreme KBDI is—is_directly
proportional to the NFA recorded during 2015, and
the highest number of fire alerts eecurred—is
observed forin October 2015, with-as-much-as 1746
hot spots within 31 days_and extreme drought
indices from 27-drying days. Hence, thise modified
formula is suitable for wildfire conditions on this
peatland-wilefirecondition in Central Kalimantan.
Overall, the modified DF; esute-can be successfully
applied to the El Nifio phenomenon in 2015.
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1. Introduction

The forest wildfires of 2015 werein-tndenesia-has
been the largest wildfires in Indonesia for-in the last
ten years in terms of the amounts of trace gases; and
aerosols released, which have been—that-had-been
monitored in several previous studies [1]. The severity
of thesesis wildfires wasis similar to the disaster that
occurred in 1997 [2]. Forest wildfires in Indonesia not
only occur in upland environments but also in wetlands
[3]. These forest wildfires mainly occur in tropical
peatlands [4]. Wildfires in tropical peatlands occupy
an area equivalent to 10.8% of Indonesia’s land area
[5]. Among tropical countries, Indonesia has the
largest area_of tropical peatland, which is about
approximately 14 million ha and is__mainly
foundspreads in Sumatra, Kalimantan, and Papua [6].
Indonesia’s peatland is a part of the wider tropical
peatland habitat in Southeast Asia [7]. Tropical peat
comprises accumulated organic materials in a wetland
ecosystem [8]. Tropical peat is formed in forests under
wetland conditions with the production of large
quantities of organic materials [9][10].

Indonesia’s peatland has beenis developed by the
building-a drainage systems. Canals are intended to
decrease the water table in the peatland. These canals
are utilized to support the cultivation of crops, such as
oil palm and acacia. The resulting decrease in the water
table can cause the peat to become over-drained and
therebyby makeing it flammable,—thereby damaging
the ecological balance and eliminating forest and
peatland biodiversity [10]. Peatland is commonly
burned—by—pesple to minimize production cost;;
however but this practice may cause uncontrolled
peatland wildfires [11]. In addition to human-caused
fires, peatland wildfires are caused by meteorological
drought factors, such as a lack of rainfall and high
evaporation rate [12]. Dry peatland, which is
fundamentally unstable, wit—loses water from—the
peres—of the soil, allowing oxygen to penetrate the
pores and oxidize the peat through biological and
chemical processes [13]. Peatland wildfires not only
cause rainforest degradation [14] and affect
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biodiversity [15], but also release smoke andfrem
carbon emissions to the atmosphere; fire harms nearby
communitiesthe-human-bedy and leads to the loss of
lives and property [16]. Peatland wildfires slowly
spread slewy-through the surface, and those classified
as—a smoldering firestype are absorbed by the
subsurface and organic layers [17]. This type of fire is
difficult to—be detected [18]. Smoldering wildfire
causes the lateral spread of flames under different
moisture and wind conditions [19] and creates strong
smoke that spreads over extensive areas [20]. Drought
and fires are important components for the assessment
of the dynamics of tropical peat forests [21].

The risk of wildfires increases asdue—to the
inereased frequency and duration of drought increases
[22]. Natural drought is a condition that cannot be
managed [23] and has affected millions of square
kilometers of land in many areas, such as North
America, West Africa, and East Asia [24]. In Indonesia,
drought in peatlands causesleads to-wildfires-as sub-
surface wildfires all around the ecosystem. These
wildfires cause smoke to spread to other countries,
such as Malaysia [25]. Fires occur almost every year
in Indonesia during the dry season. Wildfires usually
occur between June and September and will-intensify
during EI Nifio [26]. EI Nifio is a natural phenomenon
characterized by the warming of temperatures in the
Pacific Ocean and causes drought in the Asian region
[27]. El Nifo decreases the amount of rainfall in
Indonesia [16].

A situation with lower than averageess-than-nermal
water availability due to climate variability may cause
drought [28]. The limitations for drought have not yet
been widely agreed upon, which—Fhis shews-indicates
that drought is a region specific event-in—a—region.
However, there are several types of drought that
canwitl-be—shown-to be used as —a-reference. A
dbecreased amount of rainfall is also one of the causes
of drought, namely, meteorological drought [29]. This
type of drought appears in various components of the
hydrological cycle [30]. Drought is not only caused by
meteorological factors (lack of precipitation), but also
can-be-caused-by agricultural (lack of soil moisture),
hydrological (lack of river discharge and dam inflows),
and socio-economic (lack of water supply to meet
water demand) factors [29] [31].

In Indonesia, meteorological drought is often
accompanied by dry peatland caused by the decline in
the water table and changes in the physical properties
of peat due to the drainage system. Some fires are also
caused by human activities, such as land clearing. The
bBlocking ofthe canals can be-recemmended-te-reduce
the degradation of peatlands to a larger seale-extent
[32]. Additionally, it can also help to maintain the
water table [33] to prevent drought on peatlands.

The process by which dBrought leads toeauses
wildfires [in§ a complex process‘, and a drought index
cannot be easily specified. No index can fully explain
the complexity of drought and its impacts [34].
Furthermore,—theA drought index can be used as an
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indicator to determine the classification of the drought
level of a particular region or area [28]. Many drought
indices have been expanded to appraise the scale, type,
and impact of drought [35]. Many drought indices
arere-build-and easy to build and te-use, based on
meteorology data, soil moisture, hydrology, and
remote sensing [36].- OneSeme formula_that usesed
meteorological data is the sStandardized pPrecipitation
index (SPI)- [29] and the Keetch-Byram dBrought
index (KBDI) [37].

Some-of-the drought indices are builtd for-the
specific uses and environmentsease. In forestry, many
drought indices are designed for fire risk assessment
[38]. The most widely used drought indices are the
Nesterov index, the-Zhdanko index [39], the-Angstrom
itndex [40], the-Baumgartner index [41], the-McArthur
forest fire danger index [42], and the-Keeteh-Byram
Drought Index(KBDI) [43]. KBDI is one of the most
widely used indices for forest fire-centrol management
under various climatic conditions [34] [2]. KBDI was
first developed for forest fire-contrel management in
the sub-tropical Florida region in the-USA [3]. KBDI
was also developed to be suitable under Mediterranean
conditions, providing accurate results_for-in forestry
and fire risk management in Thessaloniki, Northern
Greece [44]. Therefore, this study aims to test the
behavior of KBDI, modified for peatland wildfires in
Central Kalimantan under tropical climate conditions
affected by the El Nifio disaster in 2015, when- the El
Nifio conditions caused a significant rainfall decline in
most parts of Indonesia.

2. KBDI Index Modification

2.1 KBDI and wildfire risk assessment

KBDI was first introduced to manage forest fire
control under a sub-tropical climate. This index
represents the net effect of evapotranspiration and
precipitation on cumulative moisture deficiency in
deep duff or upper soil layers, and is related to the
flammability of organic materials in the ground [43].
KBDI is applied to human activity-caused fire and sub-
surface fire, and —<BB}is determined using Equation

Q).

KBDI; = KBDI;_1 + DF, — RF;, (1)
where:

DF;,  =drought factor (mm)

RF¢ = rainfall factor (mm)

t = time (day)

The value of the rainfall factor (RF) is determined
by-using meteorological data, in the form of annual
rainfall and daily rainfall. An RF; of more than 5.1
mm/day is considered a reduction in the drought index
and Is determined with-using the following equation
[43].
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DL —
(R — 5.1), Ry = 5.1 mm/day, 1st rainy day
R:, Ri—; = 5.1 mm/day,2nd and the next rainy day. (2)
0, Ry < 5.1 mm/day

where:
Ry = daily rainfall at t
Re1 = daily rainfall at t-1

The dBrought factor (DFt) was determined based on
the basic theory of soil moisture degradation in the forest
area-for-fire-control by assuming the following: (1) the
field capacity of the organic layer is taken-considered as
203 mm of water in excess of moisture held by the layer
at the wilting point; (2) the organic soil layer obtains
moisture from rainfall and loses moisture from
evapotranspiration, and the lowest moisture level is
detected at the wilting point; (3) the rate of
evapotranspiration is a function of meteorological
variables and vegetation density, and (4) the vegetation
density is a function of the mean annual rainfall -[43].
The bBasic formula of DF; from Equation (18) of [43] is
modified with Reference [37] for tropical condition, and
Reference [45] for the a, b, and c coefficients as follows:

ae(b TM+1.5552) _ ) 19—3

DF, = (w, — KBDI,_) L o2 (3)

where:
DFt = drought factor (mm)
W = the-corresponding field capacity of

available water in the layer (mm)
KBDI1 = moisture deficiency (KBDI at t-1)

m = daily maximum air temperature (°C)

t = time increment (day)

Ro = average annual rainfall (mm)

aand ¢ = coefficient influenced by the mean annual
rainfall (Ro)

b = coefficient influenced by evapotranspiration

In a Undersub-tropical climate, the average annual
rainfall Ro is 1270 mm, the-maximum temperature (Tm)
is 26.67 °C, and the-corresponding field capacity of
available water in the layer (wc) is 203 mm [43]. tzs67;
ro from Equation (13) of [43] gives txe67; R0 = 56.41
days. If R = co and Ro = 1270 mm for a subtropical
climate,- t26.67, » from Equation (16) of [43] gives tos.67,
o = 0.4545 t26.67; 1270 = 25.64 days.

Reference [37] modifiesd the drought-factor
formula (DF) affected by tropical annual rainfall (Ro)
as 2540 mm, we, and the temperature used is the same
as_that in [43]. which -is 26.67_°°C|, wc is 203 mm.
Reference [37] adjustsment the constants tzs.67, - for a
tropical condition from [37] as tze.67, » = 0.8831 ts.67;
2540 = 49.87 days.

The coefficients a, b, and ¢ for the sub-tropical
condition [43] and tropical condition [37] are listed ean
be-seen-in Table 1.

Table 1. Climate variables and the coefficient drought factor
Variable Subtropical Tropical
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Tn (°C) 26.67 26.67 a4 > hO3EN [A5]: Please use the correct degree
Ro(mm) 1270 2540 szl

a 0.9667 0.4982

b 0.0875 0.0875

c 8.30 4.27

We 203 203

2.2 KBDI index modification forin the tropical
climate

2.2.1 KBDI index modification forin tropical
wetland

Reference [37] modified DF: is affected-retenty by
annual rainfall and evapotranspiration in a tropical
climate through changing the values of the coefficients
a and c. It was concluded that ti-concluded-that-the
loss of evapotranspiration in the tropical climate is
higher—than 15% higher relative to that in the sub-
tropical climate; thus, the coefficient b in Table 2
become 0.0905 [37]. These coefficients are used as the
modifications—enre—in_ for the tropical wetland
conditions in this paper.

2.2.1 KBDI modified forunder tropical peatlands
followed by EI Nifio

The formula of DF: [Equation (3)] has been
developed to represent the average rainfall conditions
forin wildfire risk control infer tropical wetland
ecosystems. However, wildfires in tropical forests,
especially those in Indonesia's tropical forests, are also
affected by the EI Nifio phenomenon, which causes
extreme warming to the equatorial Pacific. El Nifio
causes severe droughts in Australia, Indonesia, India,
and South Africa, as well a reduction in average
rainfallad—aes o o labelan he el
conditions [27]. In 2009, in-the Southern part of
Kalimantan receivedshews low precipitation, which
causeds peatland drying and the easy spread of fires
[46]. Analysis of rainfall from three stations in the
study area indicates that when El Nifio happened
occurred in 2015, rainfall decreased by approximately
35% fromef the annual average rainfall-in-the-tropical
chimate. The annual rainfall in 2015 at the study area
was 1650 mm. The evaporation time for the same
temperature used by [43] wasis 26.67 °°C.

In addition to the changes in the coefficients a and
¢ on DFy, we was also modified. In the initial equation
of KBDI, the w, value is assumed to be 203 mm of the
soil water available for evapotranspiration [43]. The wc
value was on the scale from 0 to 203, where 0 shews
denotes no moisture depletion, and 203 indicates the
highest depletion [37]. The w. value is influenced by
the depth of the reference water table. This value was
based on peatland research in the Netherlands that used
a 400 mm depth_for the —ef-reference water table to
avoid peat subsidence [11]. Peat dryness correlated
with wildfire_frequency and the—and reduction of
groundwater level [47]. [The Government Regulation
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of the Republic of Indonesia No. 71 of 2014 [48] on
peat ecosystem protection and management,-f clause
23 point 3, whichthat was revised into regulation No.
57 of 2016, statesing that peat ecosystems with_a

damage tod the tropical peat forest [50]. It caused the
large wildfire in 2015. The highest number of fire
alerts (NFA) was recorded on October 19, 2015. The
conditions of peatland wildfires in Kalimantan

cultivation function could be damageding if the water
table depth is more than 400 mm below the peat
surface [49]. Se—Thus, for thein El Nifio
modificationsed in this paper, Ro is set as 1650 mm, T
is 26.67, and wc is 400. Based on the above concept,
adjustment constants using Equation (13) and
Equation (16) of [43] in tropical peatland gives tx.67;
1650 = 111.17 days and tz6.67, . = 0.617 t26.67; 1650 = 68.6
days.

The decrease in rainfall affects the values of the
coefficients a and ¢ on DF; in Equation (3) for
modification 1 in-(tropical wetland conditions [37];)
and modification 2 #:-(tropical peatland conditions due
to El Nifio) in 2015 can be seen in Table 2. [The

captured by the Moderate Resolution Imaging
SpectroRadiometer (MODIS) from the NASA Aqua
satellite are presented-illustrated in Figure 1. This
image was taken on October 19, 2015; the red line
indicates a hot spot where the sensors detected
unusually warm surface temperatures associated with
fires, and gray smoke signals the conditionsindicates
the landfill condition [51].

The present study was conducted in Block A, the
Ex-Mega Rice Project (EMRP) located in Mantangai
sub-District, Kapuas District, Central Kalimantan
Province, which is shewn-illustrated in Figure 2a [52].
Figure 2b shewed—depicts some post-wildfires
conditions in the peatland around Block A inen

coefficient b used is 0.0905 [37].

Table 2. Climate variables and the coefficient drought factor
for tropical wetland and peatland condition

In the previous study,-they-used four fire danger
classes_were used, from 0 to 203 mm [37]. In the
present study, the new value of w, causes a change in
the KBDI classes. The water table ranges from 0 to 400
mm. The water table at 400 mm below the surface is
considered to cause the maximum drought index and
cause-a potential fire risk in the peat ecosystem. A
water table of 0 mm, where water is on the surface of
the land, is expressed as an ideal peat condition that is
always inundated. Based on the new wc value for the
peatland condition, the value of the KBDI classes is
corrected. Drought index classes are divided-classified
into four levels, as presented in Table 3.

Table 3. Drought index classes of KBDI modified for tropical
peatland conditions

T
il B B

3. Study Area and Methods

3.1 Study area

The Mega Rice Project consists of one million
hectares of peatland in Central Kalimantan and caused
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November 2015. Thise area underwentgees land
clearing, which causeds the peatland to become dry
and flammable. A dBrought index for peat wildfire
risk assessment was evaluated under peat wildfires
conditions in 2015.
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Figure 2. (a) Study area on Block A of Ex-Mega Rice Project
and (b-) post-wildfire conditions in peatlands around canal C
(b1), Canal D post-wildfire (b2), and Canal E post-wildfire (b3)
in November 2015

The largest wildfires occur in tropical peatlands,
includingene-of-which-is-in the tropical peatland in
Indonesia. Peat wildfires have previouslyalse occurred
in the EMRP area in Central Kalimantan [53]. The
Mega Rice Project was-opepred-irran from 1996 until
2009 and caused 400 thousand ha of tropical rainforest
cutting. EMRP wasis a program that failed
considerably—fails to conserve the peatlands in
Indonesia [50]. The exploitation of forest and peatland
in EMRP land occurreds due to the construction of
drainage networks systems [50]. The drainage network
systems divide peat domes, causing massive damage
andte-peat-dome; resulting in _theits loss of function as
field reservoirs, land subsidence, and a decreased
water table [54]. This phenomenon causes irreversible
drying peat drying, which triggers forest and peatland
wildfires [55]. In addition to the decreased water table,
peatland wildfires are due-caused byte the rainfall
reduction (the number of drying days), known as -due
te-the El Nifio phenomenon, which usually occurs from
September to October.

Rainfall data wasere recorded near the study area,
such as in Tjilik Riwut, Beringin, and Sanggu Rain
Station [56]. Rainfall data wasere analyzed from 01
January 2015 to 31 December 2015, and there were a
total of 263 dry days-were-263-days, which isare more
than 70% from-of the total in 2015. The NFA in the
form of hotspots wereas obtained by using NASA's
Active Fire Data to determine the possible location of
fires—on—earth. The system uses NASA MODIS
satellites, which survey the entire earth every 1-2 days.
The sensors on these satellites detect hot marks in
infrared spectral waves. During the processing of the
satellite imagery, the algorithm looks for a heat sign
and detects it as a fire sign. The system can indicate
where a fire occurred and can ghve-provide a warning
of high risk areas [57].

3.2 Methods

In this study, a modified KBDI was developed for
wildfire risk assessment under tropical peatland
conditions influenced by El Nifio,; with modification
to the baseline groundwater conditions for peatland
affectings the w¢ value. The modified index was
compared with KBDI under tropical wetland
conditions [37]. The results of the two index
modifications were compared against NFA recorded in
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the peat forest, Block A, Mantangai Sub-district,
Central Kalimantan Province, ien 2015.

4. Results and Discussion

4.1 Rainfall data

Based on the observations, rainfall from the three
rain stations wasis almost uniform, with an average
annual rainfall of 1650 mm in 2015. This rainfall value
wasis below the average annual rainfall of areas with
athe tropical climate. The mean annual rainfall for
areas with aunder tropical climate rangeds from 2000
to 3000 mm [37]. Thise decrease in rainfall wasis
caused by the El Nifio in Indonesia. The average
monthly rainfall at the three stations in the study site
wasis the highest (134 mm) ien November 2015. The
net rainfall or rainfall factor (RF;) wasis calculated
with-using Equation (2) to determine the number of dry
days (Table 4). Dry day conditions were found onin
July-as-much-as 29 days_in July, 28 days in August, 30
days in September and 27 days in October 2015.

4.2 Number of fire alerts data

NFA-data—during 2015 -in—Mantangai,—Central
Kalimantan—1On 2015, that—year; there were—NFA
reaches-as-many-as 30,121 NFA events in the Central
Kalimantan Province and 3,544 events in_ the
Mantangai Sub-dsub-Bistrict. There were NFA-event
in-Mantangai-is-3525_NFA eventsats_in Mantangali
from July to November 2015, as much as 12.1% from
the 29171 events in Central Kalimantan. NFA-began-to
increased from July to November 2015, and the largest
number of NFA was observed in October 2015, with-is
as-many-as 1741 events. Thisese data shewindicates
that the number of hotspots in October represents half
of the NFA forever the year 2015, as presented i—t-is
shown-in Table 4.

Table 4. Number of dry day and fire alerts
Number of the dry day  Number of fire alerts

Jan 9 1
Feb 26 0
Mar ] 0
Apr ] 3
May 23 1
Jun 21 1
Jul 29 19
Aug 28 488
Sep 30 1272
Oct 27 1746
Nov 18 10
Dec 16 | |

4.3 Keetch-Byram  Drought Index (KBDI)
analysis
TBased-on-the results of the analysis using DF
under tropical wetland conditions [37] and under
tropical peatland conditions influenced by the El Nifio
phenomenon areis shown-depicted in Figure 3.
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Figure 3. Comparison of KBDI for tropical wetland and_the
modified KBDI foref tropical peatland with due-te-the EI Nifio
phenomenon

tn-Figure 3 depicts an—+ added—2 line for the
beginning of the extreme index, at 175 mm for KBDI
modified for the tropical wetland condition, and at 350
mm for KBDI modified for tropical peatland
conditions. The KBDI level, with DF; formula
forunder tropical wetland conditions, for a —ef-low
index level from 0—100 was 218 values, the moderate
index from 101—150 was 42 values, the high drought
index from 151 —175 was as much as 56 values, and
the extreme drought index ofthat more than 175 was
49 values. \In the calculation of KBDI, with the
modified DF; formula forunder tropical peatland
conditions_including;which-was-influenced-by El Nifio
phenomenon, frem-high-tevel-there were 59 values
from the high level, and theto extreme drought
conditions increased to 61 occurrences, fromwhich
started-in July until November 2015. The class index
is presented in Table 5.

Table 5. Drought level conditions
Peatland conditions due

Wetland conditions

to El Nifio
Low Mod High Extreme Low Mod High Extreme
Jan 81 0 0 0 81 0 0 0
Feb 23 5 0 0 26 2 0 0
Mar 30 i 0 0 30 i 0 0
Apr 30 0 0 0 21 9 0 0
May 28 3 0 0 20 11 0 0
Jun 25 5 0 0 0 30 0 0
Jul 0 16 15 0 0 12 19 0
Aug 0 12 19 0 0 1 30 0
Sep 0 0 7 23 0 0 8 22
Oct 0 0 9 22 0 0 0 81
Nov 20 0 6 4 15 5 2 8
Dec 31 0 0 0 31 0 0 0

Based-enOwing to the 35% reduction in rainfall
occurring in the study area in 2015 due to El Nifio, and
the change in w, caused by groundwater table change,
the extreme drought index increased. High and
extreme class resultses started atin the beginning of the
dry season from July. In calculating KBDI, with DF¢
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formula under tropical wetland conditions and tropical
peatland conditions, high drought levels began to
occur in early July 2015. Extreme drought levels began
to occur in September 2015. Figure 4 shows the hHigh
and extreme classes in KBDI response (with the
formula forunder tropical wetland conditions shown as
modification 1, and with-KBDI with DF under tropical
peatland conditions includingwereaffected-by El Nifio
as modification 2) against fire risk assessment
represented by the number of fire alerts.-(NFA)-shown

50 0

500
40 1000
1500

2000

2500

3000

o

number of index
number of fire alert

3500
10 4000

4500

0 5000

Oct Nov

Jul . Sep

BHigh index 1 BExtreme index 1 @High index 2 @Extreme index 2 @Fire alerts

'Figure 4. Correlation between Keetch-Byram dBrought itndex
(KBDI) values and number of fire alerts (NFA)

Figure 4 shows the high andte-the extreme drought
index results from the beginning of July to November
2015, representing the occurrence of a-starting-pointof
fires beginning in July 2015, from KBDI modification
forunder tropical wetland conditions and tropical
peatland conditions. Two important findings are:

1. Index response with_the DF formula forgnder
tropical wetland conditions

Based on the analysis of KBDI with_the DF;

formula foren tropical wetland conditions, no

extreme drought occurred at the beginning of July
and August. Extreme drought indices occurred in

September 2015 inas-any-as 23 events, October

2015 inas-many-as 22 events, and November 2015

inas—mueh—as four events. Based on NFA data

recorded in July,; the study site hads 19 hotspots,
followed by in—August—2015-(488 hotspots_in

August),-and-September-2015-( 1272 hotspots_in

September,)_and;—mest-events—as—many—as 1746

hotspots-eccusred in October. The highest level of

extreme index resultsx occurred in September 2015

as-many-as-23-days-were-hot-egual-to-the-highest

B e
2. KBDI response to ags—with corrected DF¢

forgnder tropical peatland conditions

In the corrected DF; formula for tropical peatland
conditions affected by El Nifio, with a rainfall
reduction of 35% with Ro = 1650 mm and
groundwater level 400 mm, high to extreme
drought levels were observed-was-ebtained-starting
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from September to e-November 2015, as—ueh
aswith 61 indices. The results for theare extreme
drought index weresf 22 events in September, 31
events in October, and eight events in November
2015. This finding is consistent with the-presence
of NFA data, where the starting point of fire is in
July andte the highest number of hotfire spots are
in October, with-2015-as-many-as- 1746 hot spots.
Thesse hot spot conditions in October 2015 are
predictedrepresented by  extreme  drought
conditions that cover the whole 31 days of the
month.

4.4 Discussion

This study was conducted arried-out-on a peat fire
situation in 2015 in Central Kalimantan. This study
conducted analysisBased on KBDI analysis-results for
data collected inin 2015, comparing-between corrected
DF: modifications forunder  tropical — wetland
conditions and tropical peatland conditions and
compared-with-the number of fire alerts in Mantangai
Ssub-dBistrict, with thethe results shew-demonstrating
that:

1. The-faster modifications of therespense-of KBDI
modification index forunder tropical peatland
conditions adequately represents the real fire risk
assessment data recorded in 2015. KBDI
modification forunder tropical peatland conditions
increases from the high index level to the extreme
index level toat the value of 350 and continues to
rise to the maximum value of 400 starting on
September 9, 2015, representing 109 NFA events
that days-ef-as-much-as-109-events-that-day. KBDI
modification forunder tropical wetland conditions
increaseds from the high index level to the extreme
index level on September 9, 2015,—with—only
represented by 65 ot spots. [These extreme level-of
modifications of the KBDI forunder the conditions
of tropical peatlands can demonstrate shew-the
potential for fire disasters in the study area.

2. In October 2015, there were 1746 NFA events in
Mantangai, were-as-many-as-1746-evenis-with the
KBDI modification forunder tropical peatland
conditions resulting inshown by 31 days of extreme
indices, while thein KBDI wetland modification
only indicated-byresulted in 22 days with extreme
indices. According to the modified DF; forunder
tropical peatland conditions, the extreme classes is
12 points higher than KBDI modified for tropical
wetland conditions. It rises from September to
November 2015 in the study area, with the
corrected water table ofinte 400 mm.

3. The highest number of NFA was oin October 14,
2015, withas—many—as 449 hotspot events
represented by the extreme value in KBDI
modified for tropical peatland conditions,; while-in
the KBDI modified for wetland conditions only
resulted inrepresented—by high index results, as
shown in Figure 3.

Journal of Disaster Research submitted

4. TBased-on-the statistical parameter for extreme
classes compared against the number of fires from
July to November using linear regression for
modification 1 gavehave R? as 0.828 with p-value
0.03. Modification 2 forunder tropical peatlands
formula;gave R? as 0.829 with p-value 0.03. -1t has
been shown that both modifications ed-give a good
statistical result.

The mModified KBDI underfor tropical peatland
conditions seems to perform better in wildfire risk
assessment in the Central Kalimantan during El Nifio
in 2015 compared with other KBDI formulas. The
results are—following—with those of previous
Kalimantan Forests and Climate Partnership (KFCP)
observations. ABased-on-a study byef KFCP from
2004 to 2013 in the same study area_showed; daily
wildfire_patternss indicatinged fires at the same
locations and in the same months. Fires occurred in
from late July ttoe early November. The peak of the
fires occurred in September [52]. Previous research
from 2001 to 2010 foundshewed large-scale land
management practices usingwith fire, which caused
smoke hazards from mid-August to late October [53].

We can consider the use of the
mglrlcal drought index formula forunder tropical
peatland conditions to have several general principles,

which—=beriaorseam s menldlonabl ndle e

are as follows::

1. The KBDI formula sheuld-must be based on the net
rainfall factor set by the R threshold. This threshold
for tropical conditions still uses the same threshold
as in the previous KBDI formula defined under sub-
tropical conditions.

2. Peatland wildfires are not just caused by
meteorological conditions but also by many
internal factors in the soil, such as peat
decomposition, physical properties, water holding
capacity [33], and capillarity rise.

3. Peatland wildfires are also affected by unwise
peatland—uawise management, such asiniar—te
building drainage canals in the peat dome, which
results in a -that-change_ins the water table.
Evaluation of the performance of KBDI under a

range  ofseme  climatic  conditions,——+anRging
includingfrerm a sub-tropical climate, Mediterranean

climate, and tropical climate, reports that KBDI is a

flexible drought index for almost all climatic

conditions and may represent an important tool for
forest fire control.

5. Conclusion

KBDI modification, by correcting the DF; formula
foragainst the referenced water table level for peatland
and with the influence ofed-by rainfall reduction due to
the El Nifio phenomenon,—#—2015 can accurately
represent NFA in peatland. The analysis rest:s shows
the resultsbehavior of the KBDI; ef-drought correction
(DFy) forunder tropical peatland conditions,—already
gave anrepresented-by extreme index-frem (375 to 400
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mm) occurringed from September 9, 2015. Twenty-

seven dry days caused 31 days of extreme index,
represented byas-many-as 1746 hotspots in October
2015. The highest NFA number was oin October 14,
2015 withas-many-as 449 hotspot events represented
betterwith this formula as an extreme value. Therefore
tAltheugh-this formula provided satisfactory results
in the EI Nifio conditions ofin 2015. Further testing is
still needed to prove the formula for other El Nifio
eventseases. —In addition to the meteorological and
water table factors in_the KBDI formula, that-which
affect drought management in peatland, several
supporting factors must be considered, such as peat
decomposition, physical characteristics, water holding
capacity, and capillarity rise. The degradedlewer
physical properties of peatlands also lead to larger
wildfires with the same number of drying days.
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<mailto:disaster@fujipress.jp <mailto:disaster@fujipress.jp>

> <mailto:disaster@fujipress.jp <mailto:disaster@fujipress.jp>>>>.
> > > |[fthisis not possible, please print out the

PDF file

> > > and write down the corrections and any other
comments

> onit

> > > Then, senditto us by FAX (+81-3-5577-3861) or

> > > scanitto create a PDF file and send it to us

via e-mail.

> > >

> > > [Ifchanges are minimal, you can alternatively
return the

> > corrections

> > > viae-mail, explaining where they occur in the

paper
> > > (page number and line) and specifying both the
old (wrong)

> > version

> > > and the correction.

> > >

> > > o= =—=—====

> > > The following questions have arisen during the
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preparation

> > > of your proof. Please answer them.

> > >

> > > 1.Resolution of Fig. 1 is low.

> > > Please send a high-resolution image if you have.
> > >
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> > > > 2 Atthe 1st paragraph of Section 3.1, there
are the
> words
> > T"thered
> > > line" (in Fig.1), but the color can not be
>  distinguished when
> > > printedin
> > > black and white.
> > > Please change other expression without colors, or
> apply color
> > printing
> > > (JPY21000 per printed page).
> > > (The article PDF published online will be full
color
>  forfree.)
> >
> > 3. Please inform us the accessed date of Ref.[50].
> >
> > 4, Please provide us detailed information of
> Refs.[27][39][40][49][55].
> > Forexample, a publisher if it's a book, a journal
title if a
journal
> > article, URL and an accessed date if a website.

>

>

> > No further publication processing will occur until
this proof is

> > returned.

> > Please respond by **September 17** in order to

VVVVVVVVVVVYVYVVYV
\"

publish

> jton

> > October

> > > issue.

> > >

> > > Please note that this is your last chance to modify
> your paper.

> > > The corrected version will be sent to you before
> publication.

> > >

> > > Thank you for your cooperation.

> > >

> > > Sincerely yours,

> > >

> > > AyaKamata

> > > JDR Editorial Office

> > >

> > > Fuji Technology Press Ltd.

> > >

> > > Unizo Uchikanda 1-Chome Bldg. 2F

> > > 1-15-7 Uchikanda, Chiyoda-ku, Tokyo 101-0047, Japan
> > > Phone: +81-3-5577-3851

> > > Fax: +81-3-5577-3861

> > > E-mail: disaster@fujipress.jp
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> <mailto:disaster@fujipress.jp <mailto:disaster@fujipress.jp>
<mailto:disaster@fujipress.jp <mailto:disaster@fujipress.jp>>>>

> > > HP[OPEN ACCESS Journal] URL:

> https://www.fujipress.jp/jdr/dr/
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> > > *Create your account (free) for download full-texts
> forfree at:

> > >
https://www.fujipress.jp/usces-member/?page=newmember (free)
> > > *Latestissue: https://www.fujipress.jp/jdr/dr/

> > > *Call for papers:

> > https://lwww.fujipress.jp/category/cfp/?journal=jsstr

> > > Please cite JDR papers -

JDR is now

> > applying to

> > T {6 ESE————

> > > *JDRisindexed in SCOPUS and Compendex (Ei)
> > > *JACII, JRM, JDR are indexed in ESCI

> > > *JDRisan OPEN ACCESS journal and you can download
> theall

> > full-texts

> > > published in IJAT for free by free registration (No
> > registration fee is

> > > required).

> > > Registration can be made at :

> > > URL:

https://www.fujipress.jp/usces-member/?page=newmember
> > >

> >

>

> > >

> > >

> > > ps.

> > > Toview and print the PDF article you will need
Acrobat

> > Reader from

> > > Adobe. This program is freely available and can be
> downloaded

> > from

> > > hitp://www.adobe.com/products/acrobat/readstep2.html.
> > > To edit the PDF files, you need Acrobat which

is not free.

> > > Please consult the manual of Acrobat for how to
edit

> the PDF

> > documents.

> > >

> >

>
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M Gma” novitasari ST.,MT. <novitasari.st.mt@gmail.com>

Fwd: [Deadline: Sep. 17] 1st proof of your paper Dr14-7-9565

Joko Sujono <jsujono@ugm.ac.id> 15 September 2019 pukul 21.55

Kepada: "novitasari ST.,MT." <novitasari.st. mt@gmail.com>
Cc: Novitasari Novitasari <novitasari.st. mt@mail.ugm.ac.id>

—————————— Forwarded message ---------

From: JDR Editorial Office <disaster@fujipress.jp>

Date: Sun, 15 Sep 2019, 15:40

Subject: [Deadline: Sep. 17] 1st proof of your paper Dr14-7-9565
To: Joko Sujono <jsujono@ugm.ac.id>

Dear Dr. Joko Sujono,

The proof of your article, to be published in

the Journal of Disaster Research

Vol.14 No.7, has been prepared.

Please download the PDF file from the following:

https://box.fujipress.com/index.php/s/wGLLF02aGX5JIKg

Please proof-read it and return your corrections.
Acceptable at this stage are corrections about layout,
spelling mistakes, wrong cross-references, and
mistakes or updating in references.

Please use Acrobat to edit the PDF file

by adding "post-it" type notes,

and return it via e-mail to disaster@fujipress.jp.

If this is not possible, please print out the PDF file

and write down the corrections and any other comments on it.
Then, send it to us by FAX (+81-3-5577-3861) or

scan it to create a PDF file and send it to us via e-mail.

If changes are minimal, you can alternatively return the corrections
via e-mail, explaining where they occur in the paper

(page number and line) and specifying both the old (wrong) version
and the correction.

The following questions have arisen during the preparation
of your proof. Please answer them.

1. Resolution of Fig. 1 is low.
Please send a high-resolution image if you have.

2. At the 1st paragraph of Section 3.1, there are the words "the red
line" (in Fig.1), but the color can not be distinguished when printed in
black and white.

Please change other expression without colors, or apply color printing
(JPY21000 per printed page).

(The article PDF published online will be full color for free.)

3. Please inform us the accessed date of Ref.[50].

4. Please provide us detailed information of Refs.[27][39][40][49][55].
For example, a publisher if it's a book, a journal title if a journal

https://mail.google.com/mail/u/1/?ik=7d5c8edd37&view=pt&search=all&permmsgid=msg-f:1644749890519335911&simpl=msg-f:1644749890519335911
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article, URL and an accessed date if a website.

No further publication processing will occur until this proof is returned.
Please respond by **September 17** in order to publish it on October issue.

Please note that this is your last chance to modify your paper.
The corrected version will be sent to you before publication.

Thank you for your cooperation.
Sincerely yours,

Aya Kamata
JDR Editorial Office

Fuji Technology Press Ltd.

Unizo Uchikanda 1-Chome BIdg. 2F

1-15-7 Uchikanda, Chiyoda-ku, Tokyo 101-0047, Japan

Phone: +81-3-5577-3851

Fax: +81-3-5577-3861

E-mail: disaster@fujipress.jp

HP[OPEN ACCESS Journal] URL: https://www.fujipress.jp/jdr/dr/
*Create your account (free) for download full-texts for free at :
https://www.fujipress.jp/usces-member/?page=newmember (free)
*Latest issue: https://www.fujipress.jp/jdr/dr/

*Call for papers: https://www.fujipress.jp/category/cfp/?journal=jsstr
--------------------- Please cite JDR papers - JDR is now applying to

*JDR is indexed in SCOPUS and Compendex (Ei)

*JACII, JRM, JDR are indexed in ESCI

*JDR is an OPEN ACCESS journal and you can download the all full-texts
published in IJAT for free by free registration (No registration fee is
required).

Registration can be made at :

URL: https://www.fujipress.jp/usces-member/?page=newmember

p.s.
To view and print the PDF article you will need Acrobat Reader from

Adobe. This program is freely available and can be downloaded from
http://www.adobe.com/products/acrobat/readstep2.html.

To edit the PDF files, you need Acrobat which is not free.

Please consult the manual of Acrobat for how to edit the PDF documents.
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M Gma” novitasari ST.,MT. <novitasari.st.mt@gmail.com>

Fwd: Final proof of your paper Dr14-7-9565

Joko Sujono <jsujono@ugm.ac.id> 18 September 2019 pukul 09.41

Kepada: Novitasari Novitasari <novitasari.st. mt@mail.ugm.ac.id>
Cc: "novitasari ST.,MT." <novitasari.st. mt@gmail.com>

—————————— Forwarded message ---------

From: JDR Editorial Office <disaster@fujipress.jp>
Date: Wed, 18 Sep 2019, 08:37

Subject: Final proof of your paper Dr14-7-9565

To: Joko Sujono <jsujono@ugm.ac.id>

Dear Dr. Joko Sujono,
Thank you for your prompt reply.

We have attached the proof of your paper Dr14-7-9565 to this e-mail.
Now your corrections have been included.
Please check it and return your corrections, if any.

Please respond by tomorrow (Sep. 19) even if you have no corrections.
If no response is received from the author, the publisher
will proceed by assuming that there are no further corrections to be made.

Thank you for your cooperation.

Best regards,

Aya Kamata (Ms.)
JDR Editorial Office

Fuji Technology Press Ltd.

Unizo Uchikanda 1-Chome Bldg. 2F

1-15-7 Uchikanda, Chiyoda-ku, Tokyo 101-0047, Japan
Phone: +81-3-5577-3851

Fax: +81-3-5577-3861

E-mail: disaster@fujipress.jp

On 2019/09/18 9:15, Joko Sujono wrote:

> Dear Aya Kamata

> JDR Editorial Office

>

> | thank you for the proof of my paper. There is some correction

> especially on the explanation of Eq.1,2, and 3 as well as the axis color
> of Fig. 4 as given in the file attached.

> Thank you for your kindness and | am looking forward for the final proof.
>

> Best regards,

> joko sujono

>

> On Tue, 17 Sep 2019 at 09:40, JDR Editorial Office

> <disaster@fujipress.jp <mailto:disaster@fujipress.jp>> wrote:

>

>  Dear Dr. Joko Sujono,
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>

> Thank you very much for your prompt reply and hard work.
>

> We have attached the proof of your paper Dr14-7-9565 and an invoice to
> this e-mail.

> Now your corrections have been included.

> Please check it and return your corrections, if any.

>

> =

> > 2. Atthe 1st paragraph of Section 3.1, there are the words
> "the red

> > line" (in Fig.1),

> -> dark shapes

> Thank you for your modification.

> However, this modification may be unsuitable for the online
> full-colored

> PDF.

> As | have no idea of suitable words for both situations,

> | suggest to left the first expression "the red line."

> I'm sorry for troubling you.

>

> > 4. Please provide us detailed information of

> Refs.[27][39][40][49][55].

> Thank you for your information.

> | have added further information to that you provided.

> P

Please respond within TWO DAYS (by Sep 19) from receipt of

this message even if you have no corrections.

If no response is received from the author, the publisher

will proceed by assuming that there are no further corrections to be
made.

Thank you for your cooperation.
Best regards,

Aya Kamata
JDR Editorial Office

Fuji Technology Press Ltd.

Unizo Uchikanda 1-Chome Bldg. 2F

1-15-7 Uchikanda, Chiyoda-ku, Tokyo 101-0047, Japan

Phone: +81-3-5577-3851

Fax: +81-3-5577-3861

E-mail: disaster@fujipress.jp <mailto:disaster@fujipress.jp>
HP[OPEN ACCESS Journal] URL: https://www.fujipress.jp/jdr/dr/
*Create your account (free) for download full-texts for free at :
https://www.fujipress.jp/usces-member/?page=newmember (free)
*Latest issue: https://www.fujipress.jp/jdr/dr/

*Call for papers: https://www.fujipress.jp/category/cfp/?journal=jsstr
--------------------- Please cite JDR papers - JDR is now applying to

VVVVVVVVVVVVVVVVVVVVVVVYVVYV

\%

*JDR is indexed in SCOPUS and Compendex (Ei)

*JACIII, JRM, JDR are indexed in ESCI

*JDR is an OPEN ACCESS journal and you can download the all full-texts
published in IJAT for free by free registration (No registration fee is
required).

Registration can be made at :

URL: https://www.fujipress.jp/usces-member/?page=newmember
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On 2019/09/16 14:06, Joko Sujono wrote:

> Dear Aya Kamata

> JDR Editorial Office

> Fuji Technology Press Ltd.

>

> | thank you for the PDF proof read and the comment.

> | have made a correction on the PDF file and provide more high
quality

> file of Fig.1 as attached.

> Thank you very much for your kindness.

> Best regards,

> joko sujono

>

> On Sun, 15 Sep 2019 at 15:40, JDR Editorial Office

> <disaster@fujipress.jp <mailto:disaster@fujipress.jp>
<mailto:disaster@fujipress.jp <mailto:disaster@fujipress.jp>>> wrote:

Dear Dr. Joko Sujono,

The proof of your article, to be published in

the Journal of Disaster Research

Vol.14 No.7, has been prepared.

Please download the PDF file from the following:

https://box.fujipress.com/index.php/s/wGLLF02aGX5JIKg

Please proof-read it and return your corrections.
Acceptable at this stage are corrections about layout,
spelling mistakes, wrong cross-references, and
mistakes or updating in references.

Please use Acrobat to edit the PDF file

by adding "post-it" type notes,

and return it via e-mail to disaster@fujipress.jp
<mailto:disaster@fujipress.jp>

<mailto:disaster@fujipress.jp <mailto:disaster@fujipress.jp>>.
If this is not possible, please print out the PDF file

and write down the corrections and any other comments on it.
Then, send it to us by FAX (+81-3-5577-3861) or

scan it to create a PDF file and send it to us via e-mail.

VVVVVVVVVVVYVVYVVYVYVYV
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> If changes are minimal, you can alternatively return the
corrections

> via e-mail, explaining where they occur in the paper

> (page number and line) and specifying both the old (wrong)

version
> and the correction.
>
> o o e e e . S S o S o

> The following questions have arisen during the preparation
> of your proof. Please answer them.

>

> 1. Resolution of Fig. 1 is low.

> Please send a high-resolution image if you have.

>

> 2. Atthe 1st paragraph of Section 3.1, there are the words
"the red

> line" (in Fig.1), but the color can not be distinguished when
> printedin

>  black and white.

> Please change other expression without colors, or apply color
printing

> (JPY21000 per printed page).

> (The article PDF published online will be full color for free.)
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>

> 3. Please inform us the accessed date of Ref.[50].

>

> 4. Please provide us detailed information of
Refs.[27][39][40][49][55].

> For example, a publisher if it's a book, a journal title if a
journal

article, URL and an accessed date if a website.

\%

No further publication processing will occur until this proof is

returned.

Please respond by **September 17** in order to publish it on
ctober

issue.

Please note that this is your last chance to modify your paper.
The corrected version will be sent to you before publication.

Thank you for your cooperation.
Sincerely yours,

Aya Kamata
JDR Editorial Office

Fuji Technology Press Ltd.

Unizo Uchikanda 1-Chome Bldg. 2F

1-15-7 Uchikanda, Chiyoda-ku, Tokyo 101-0047, Japan
Phone: +81-3-5577-3851

Fax: +81-3-5577-3861

E-mail: disaster@fujipress.jp <mailto:disaster@fujipress.jp>
<mailto:disaster@fujipress.jp <mailto:disaster@fujipress.jp>>

> HP[OPEN ACCESS Journal] URL: https://www.fujipress.jp/jdr/dr/
> *Create your account (free) for download full-texts for free at :
> https://www.fujipress.jp/usces-member/?page=newmember (free)
> *Latest issue: https://www.fujipress.jp/jdr/dr/

> *Call for papers:
https://www.fujipress.jp/category/cfp/?journal=jsstr
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> - Please cite JDR papers - JDR is now
applying to
> SCl--mm-mmmemmme -

> *JDRis indexed in SCOPUS and Compendex (Ei)

> *JACIl, JRM, JDR are indexed in ESCI

> *JDRis an OPEN ACCESS journal and you can download the all
full-texts

> published in IJAT for free by free registration (No

registration fee is

> required).

> Registration can be made at :

> URL: https://lwww.fujipress.jp/usces-member/?page=newmember
>

>

>

> p.s.

> To view and print the PDF article you will need Acrobat

Reader from

> Adobe. This program is freely available and can be downloaded
from

> http://www.adobe.com/products/acrobat/readstep2.html.

> To edit the PDF files, you need Acrobat which is not free.

> Please consult the manual of Acrobat for how to edit the PDF
documents.
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Peatland wildfires, especially in tropical ecosystems,
are often caused by drought, and lead to smoke and
other related problems in all aspects of community
life in Indonesia, especially in Central Kalimantan.
Drought is worsened by the number of dry days in
the dry season, known as the El Nifo phenomenon,
and the drainage system in a peatland. Additionally,
drought decreases the water table and increases the
probability of occurrence of wildfires in peatland ar-
eas. This study aims to modify the numerical for-
mula of the drought factor (DF};) in the Keetch-Byram
drought index (KBDI) based on tropical peatland
wildfire conditions in Central Kalimantan during the
El Nifio phenomenon in 2015. Furthermore, it applies
a revised peatland water table reference of 400 mm
below the ground surface, based on previous research
and the Government regulation on peatland ecosys-
tem protection and management in Indonesia. These
El Nifio conditions caused a rain decline of approxi-
mately 35% in Block A, Ex-Mega Rice Project, Man-
tangai sub-District, Kapuas District, Central Kali-
mantan Province. The modified KBDI is compared
with the Number of Fire Alerts (NFA) using NASA’s
Active Fire Data in 2015. The analysis results demon-
strate that the modified DF; under tropical peatland
conditions leads to an increase in the drought index
value, beginning on the driest days between July and
November 2015. The value of the KBDI drought in-
dex increases from the high to the extreme index from
September to November 2015, when as many as 61 ex-
treme drought indices became indicators for peatland
wildfire risk assessment. The extreme KBDI is directly
proportional to the NFA recorded during 2015, and
the highest number of fire alerts is observed for Octo-
ber 2015, with 1746 fire alerts within 31 days and ex-
treme drought indices from 27 days. Hence, this mod-
ified formula is suitable for wildfire conditions on this
peatland in Central Kalimantan. Overall, the mod-
ified DF,; can be successfully applied to the El Niiio
phenomenon in 2015.

Keywords: Keetch—-Byram drought index (KBDI), num-
ber of fire alerts, El Nifio, water table, peatland wildfire
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1. Introduction

The forest wildfires of 2015 were the largest wildfires
in Indonesia for the last ten years in terms of the amounts
of trace gases and aerosols released, which have been
monitored in several previous studies [1]. The severity of
theses wildfires was similar to the disaster that occurred
in 1997 [2]. Forest wildfires in Indonesia not only occur
in upland environments but also in wetlands [3]. These
forest wildfires mainly occur in tropical peatlands [4].
Wildfires in tropical peatlands occupy an area equivalent
to 10.8% of Indonesia’s land area [5]. Among tropical
countries, Indonesia has the largest area of tropical peat-
land, which is approximately 14 million ha and is mainly
found in Sumatra, Kalimantan, and Papua [6]. Indonesia’s
peatland is a part of the wider tropical peatland habitat
in Southeast Asia [7]. Tropical peat comprises accumu-
lated organic materials in a wetland ecosystem [8]. Trop-
ical peat is formed in forests under wetland conditions
with the production of large quantities of organic mate-
rials [9, 10].

Indonesia’s peatland has been developed by the build-
ing drainage systems. Canals are intended to decrease
the water table in the peatland. These canals are uti-
lized to support the cultivation of crops, such as oil palm
and acacia. The resulting decrease in the water table can
cause the peat to become overdrained and thereby make
it flammable, damaging the ecological balance and elim-
inating forest and peatland biodiversity [10]. Peatland
is commonly burned to minimize production cost; how-
ever, this practice may cause uncontrolled peatland wild-
fires [11]. In addition to human-caused fires, peatland
wildfires are caused by meteorological drought factors,
such as a lack of rainfall and high evaporation rate [12].
Dry peatland, which is fundamentally unstable, loses wa-
ter from the soil, allowing oxygen to penetrate the pores
and oxidize the peat through biological and chemical pro-
cesses [13]. Peatland wildfires not only cause rainfor-
est degradation [14] and affect biodiversity [15], but also
release smoke and carbon emissions to the atmosphere;
fire harms nearby communities and leads to the loss of
lives and property [16]. Peatland wildfires slowly spread
through the surface, and those classified as smoldering
fires are absorbed by the subsurface and organic lay-
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ers [17]. This type of fire is difficult to detect [18]. Smol-
dering wildfire causes the lateral spread of flames un-
der different moisture and wind conditions [19] and cre-
ates strong smoke that spreads over extensive areas [20].
Drought and fires are important components for the as-
sessment of the dynamics of tropical peat forests [21].

The risk of wildfires increases as the frequency and du-
ration of drought increases [22]. Natural drought is a con-
dition that cannot be managed [23] and has affected mil-
lions of square kilometers of land in many areas, such as
North America, West Africa, and East Asia [24]. In In-
donesia, drought in peatlands leads to sub-surface wild-
fires all around the ecosystem. These wildfires cause
smoke to spread to other countries, such as Malaysia [25].
Fires occur almost every year in Indonesia during the
dry season. Wildfires usually occur between June and
September and intensify during El Nifio [26]. EI Niiio
is a natural phenomenon characterized by the warming of
temperatures in the Pacific Ocean and causes drought in
the Asian region [27]. El Nifo decreases the amount of
rainfall in Indonesia [16].

A situation with lower than average water availability
due to climate variability may cause drought [28]. The
limitations for drought have not yet been widely agreed
upon, which indicates that drought is a region specific
event. However, there are several types of drought that
can be used as reference. A decreased amount of rainfall
is also one of the causes of drought, namely, meteorolog-
ical drought [29]. This type of drought appears in various
components of the hydrological cycle [30]. Drought is
not only caused by meteorological factors (lack of precip-
itation), but also by agricultural (lack of soil moisture),
hydrological (lack of river discharge and dam inflows),
and socio-economic (lack of water supply to meet water
demand) factors [29, 31].

In Indonesia, meteorological drought is often accom-
panied by dry peatland caused by the decline in the water
table and changes in the physical properties of peat due
to the drainage system. Some fires are also caused by
human activities, such as land clearing. The blocking of
canals can reduce the degradation of peatlands to a larger
extent [32]. Additionally, it can also help to maintain the
water table [33] to prevent drought on peatlands.

The process by which drought leads to wildfires is a
complex process, and a drought index cannot be easily
specified. No index can fully explain the complexity of
drought and its impacts [34]. A drought index can be
used as an indicator to determine the classification of the
drought level of a particular region or area [28]. Many
drought indices have been expanded to appraise the scale,
type, and impact of drought [35]. Many drought indices
are easy to build and use, based on meteorology data,
soil moisture, hydrology, and remote sensing [36]. One
formula that uses meteorological data is the standard-
ized precipitation index (SPI) [29] and the Keetch—Byram
drought index (KBDI) [37].

Some drought indices are built for specific uses and
environments. In forestry, many drought indices are de-
signed for fire risk assessment [38]. The most widely
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used drought indices are the Nesterov index, Zhdanko in-
dex [39], Angstrom index [40], Baumgartner index [41],
McArthur forest fire danger index [42], and KBDI [43].
KBDI is one of the most widely used indices for for-
est fire management under various climatic conditions [2,
34]. KBDI was first developed for forest fire manage-
ment in the sub-tropical Florida region in USA [3]. KBDI
was also developed to be suitable under Mediterranean
conditions, providing accurate results for forestry and fire
risk management in Thessaloniki, Northern Greece [44].
Therefore, this study aims to test the behavior of KBDI,
modified for peatland wildfires in Central Kalimantan un-
der tropical climate conditions affected by the El Nifio
disaster in 2015, when the El Nifio conditions caused a
significant rainfall decline in most parts of Indonesia.

2. KBDI Index Modification
2.1. KBDI and Wildfire Risk Assessment

KBDI was first introduced to manage forest fire control
under a sub-tropical climate. This index represents the net
effect of evapotranspiration and precipitation on cumula-
tive moisture deficiency in deep duff or upper soil lay-
ers, and is related to the flammability of organic materials
in the ground [43]. KBDI is applied to human activity-
caused fire and sub-surface fire, and is determined using
Eq. (D).

KBDI, = KBDI,_, + DF, —RF,, . . . . . .(l)

where DF; is drought factor (mm), RF; is rainfall factor
(mm), ¢ is time (day).

The value of the rainfall factor (RF;) is determined us-
ing meteorological data, in the form of annual rainfall and
daily rainfall. An RF; of more than 5.1 mm/day is consid-
ered a reduction in the drought index and is determined
using the following equation [43].

(R, —5.1),
R; > 5.1 mm/day, 1st rainy day,
RE = Rl‘? Rl‘—l Z 51 mm/day, (2)

2nd and the next rainy day,
0, R; < 5.1 mm/day,

where R, is daily rainfall at # and R,_ is daily rainfall at
t—1.

The drought factor (DF;) was determined based on the
basic theory of soil moisture degradation in the forest area
by assuming the following: (1) the field capacity of the
organic layer is considered as 203 mm of water in ex-
cess of moisture held by the layer at the wilting point;
(2) the organic soil layer obtains moisture from rainfall
and loses moisture from evapotranspiration, and the low-
est moisture level is detected at the wilting point; (3) the
rate of evapotranspiration is a function of meteorological
variables and vegetation density, and (4) the vegetation
density is a function of the mean annual rainfall [43]. The
basic formula of DF; from Eq. (18) of [43] is modified
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Table 1. Climate variables and the coefficient drought factor.

Variable Subtropical Tropical
T, [°C] 26.67 26.67
Ro [mm] 1270 2540
a 0.9667 0.4982
b 0.0875 0.0875
c 8.30 4.27
We 203 203

with [37] for tropical condition, and [45] for the a, b, and ¢
coefficients as follows:

bTm+1.5552) _ C) 10-3

(ae(
DF, = (w.—KBDI,_) 1 + 10.88¢(—0-001736R,)

3

where DF; is drought factor (mm), w, is correspond-
ing field capacity of available water in the layer (mm),
KBDI,_; is moisture deficiency (KBDI at t — 1), T}, is
daily maximum air temperature (°C), ¢ is time increment
(day), Ry is average annual rainfall (mm), a and c are co-
efficients influenced by the mean annual rainfall (Ry), and
b is coefficient influenced by evapotranspiration.

In a sub-tropical climate, the average annual rainfall
Ry is 1270 mm, maximum temperature (7,,) is 26.67°C,
and corresponding field capacity of available water in the
layer (w.) is 203 mm [43]. 126.67.r, from Eq. (13) of [43]
gives 1r6.67.r, = 56.41 days. If R = o and Ry = 1270 mm
for a subtropical climate, f667. from Eq. (16) of [43]
giV('}S 126.67,00 = 0.4545 16.67,1270 = 25.64 days.

[37] modifies the drought-factor formula (DF;) affected
by tropical annual rainfall (Rp) as 2540 mm, w., and
the temperature used is the same as that in [43], which
is 26.67°C. w, is 203 mm. [37] adjusts the constants
126.67,. for a tropical condition from [37] as 12667 =
0.8831 126.67;2540 = 49.87 days.

The coefficients a, b, and ¢ for the sub-tropical condi-
tion [43] and tropical condition [37] are listed in Table 1.

2.2. KBDI Index Modification for the Tropical Cli-
mate

2.2.1. KBDI Index Modification for Tropical Wetland

[37] modified DF; is affected by annual rainfall and
evapotranspiration in a tropical climate through changing
the values of the coefficients a and c. It was concluded
that the loss of evapotranspiration in the tropical climate
is 15% higher relative to that in the sub-tropical climate;
thus, the coefficient » in Table 2 become 0.0905 [37].
These coefficients are used as the modifications for the
tropical wetland conditions in this paper.

2.2.2. KBDI Modified for Tropical Peatlands Followed
by El Niio

The formula of DF; (Eq. (3)) has been developed to

represent the average rainfall conditions for wildfire risk
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Table 2. Climate variables and the coefficient drought factor
for tropical wetland and peatland condition.

Tropical peatland

Parameter Tropical wetland due to El Nifio
T [°C] 26.67 26.67
Ry [mm] 2540 1650
a 0.4982 0.3614
b 0.0905 0.0905
c 4.27 3.10
We 203 400

control in tropical wetland ecosystems. However, wild-
fires in tropical forests, especially those in Indonesia’s
tropical forests, are also affected by the EI Nifio phe-
nomenon, which causes extreme warming to the equa-
torial Pacific. El Nifio causes severe droughts in Aus-
tralia, Indonesia, India, and South Africa, as well a reduc-
tion in average rainfall [27]. In 2009, the Southern part
of Kalimantan received low precipitation, which caused
peatland drying and the easy spread of fires [46]. Anal-
ysis of rainfall from three stations in the study area in-
dicates that when El Nifio occurred in 2015, rainfall de-
creased by approximately 35% from the annual average
rainfall. The annual rainfall in 2015 at the study area
was 1650 mm. The evaporation time for the same tem-
perature used by [43] was 26.67°C.

In addition to the changes in the coefficients a and ¢
on DF;, w. was also modified. In the initial equation
of KBDI, the w, value is assumed to be 203 mm of the
soil water available for evapotranspiration [43]. The w,
value was on the scale from 0 to 203, where 0 denotes no
moisture depletion, and 203 indicates the highest deple-
tion [37]. The w, value is influenced by the depth of the
reference water table. This value was based on peatland
research in the Netherlands that used a 400 mm depth for
the reference water table to avoid peat subsidence [11].
Peat dryness correlated with wildfire frequency and the
reduction of groundwater level [47]. The Government
Regulation of the Republic of Indonesia No. 57 of 2016
on peat ecosystem protection and management, clause 23
point 3, states that peat ecosystems with a cultivation
function could be damaged if the water table depth is more
than 400 mm below the peat surface [48]. Thus, for the El
Nifio modifications in this paper, R, is set as 1650 mm,
T, is 26.67, and w, is 400. Based on the above con-
cept, adjustment constants using Eqgs. (13) and (16) of
[43] in tropical peatland gives t667:1650 = 111.17 days
and 126.67,00 = 0-6171‘26‘67; 1650 = 68.6 days.

The decrease in rainfall affects the values of the coeffi-
cients a and ¢ on DF; in Eq. (3). The coefficient b used
1s 0.0905 [37]. Table 2 shown climate variables for mod-
ification 1 (tropical wetland conditions [37]) and modifi-
cation 2 (tropical peatland conditions due to El Nifio) in
2015.

In the previous study, four fire danger classes were
used, from O to 203 mm [37]. In the present study, the

941



Novitasari, N. et al.

Table 3. Drought index classes of KBDI modified for trop-
ical peatland conditions.

Classes KBDI index tigi](?;l;:é;: d
low 0-100 0-200
moderate 101-150 201-300
high 151-175 301-350
extreme > 175 > 350

new value of w, causes a change in the KBDI classes.
The water table ranges from 0 to 400 mm. The water ta-
ble at 400 mm below the surface is considered to cause
the maximum drought index and a potential fire risk in
the peat ecosystem. A water table of 0 mm, where water
is on the surface of the land, is expressed as an ideal peat
condition that is always inundated. Based on the new w,
value for the peatland condition, the value of the KBDI
classes is corrected. Drought index classes are classified
into four levels, as presented in Table 3.

3. Study Area and Methods

3.1. Study Area

The Mega Rice Project consists of one million hectares
of peatland in Central Kalimantan and caused damage to
the tropical peat forest [49]. It caused the large wildfire
in 2015. The highest number of fire alerts (NFA) was
recorded on October 19, 2015. The conditions of peatland
wildfires in Kalimantan captured by the Moderate Res-
olution Imaging SpectroRadiometer (MODIS) from the
NASA Aqua satellite are illustrated in Fig. 1. This image
was taken on October 19, 2015; the red line indicates a
hot spot where the sensors detected unusually warm sur-
face temperatures associated with fires, and gray smoke
signals the conditions [50].

The present study was conducted in Block A, the Ex-
Mega Rice Project (EMRP) located in Mantangai sub-
District, Kapuas District, Central Kalimantan Province,
which is illustrated in Fig. 2(a) [51]. Fig. 2(b) de-
picts some post-wildfire conditions in the peatland around
Block A in November 2015. This area underwent land
clearing, which caused the peatland to become dry and
flammable. A drought index for peat wildfire risk as-
sessment was evaluated under peat wildfire conditions in
2015.

The largest wildfires occur in tropical peatlands, in-
cluding the tropical peatland in Indonesia. Peat wild-
fires have previously occurred in the EMRP area in Cen-
tral Kalimantan [52]. The Mega Rice Project was started
legally on a Presidential decree 82/1995. The project
caused 400 thousand ha of tropical rainforest cutting.
EMRP was a program that failed considerably to conserve
the peatlands in Indonesia [49]. The exploitation of forest
and peatland in EMRP land occurred due to the construc-
tion of drainage network systems [49]. The drainage net-
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Fig. 1. Wildfires hazard was found on October 19, 2015.

work systems divide peat domes, causing massive damage
and resulting in the loss of function as field reservoirs,
land subsidence, and a decreased water table [53]. This
phenomenon causes irreversible peat drying, which trig-
gers forest and peatland wildfires [54]. In addition to the
decreased water table, peatland wildfires are caused by
the rainfall reduction (the number of dry days), known
as the El Nifio phenomenon, which usually occurs from
September to October.

Rainfall data was recorded near the study area, such as
in Tjilik Riwut, Beringin, and Sanggu Rain Station [55].
Rainfall data was analyzed from 01 January 2015 to
31 December 2015, and there were a total of 263 dry days,
which is more than 70% of the total in 2015. The NFA in
the form of hotspots were obtained by using NASA’s Ac-
tive Fire Data to determine the possible location of fires.
The system uses NASA MODIS satellites, which survey
the entire earth every 1-2 days. The sensors on these
satellites detect hot marks in infrared spectral waves. Dur-
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Fig. 2. (a) Study area on Block A of Ex-Mega Rice
Project and (b) post-wildfire conditions in peatlands around
canal C (bl), Canal D post-wildfire (b2), and Canal E post-
wildfire (b3) in November 2015.

ing the processing of the satellite imagery, the algorithm
looks for a heat sign and detects it as a fire sign. The sys-
tem can indicate where a fire occurred and can provide a
warning of high risk areas [56].

3.2. Methods

In this study, a modified KBDI was developed for wild-
fire risk assessment under tropical peatland conditions
influenced by El Nifo, with modification to the base-
line groundwater conditions for peatland affecting the
w, value. The modified index was compared with KBDI
under tropical wetland conditions [37]. The results of
the two index modifications were compared against NFA
recorded in the peat forest, Block A, Mantangai Sub-
district, Central Kalimantan Province, in 2015.

4. Results and Discussion

4.1. Rainfall Data

Based on the observations, rainfall from the three rain
stations was almost uniform, with an average annual rain-
fall of 1650 mm in 2015. This rainfall value was below
the average annual rainfall of areas with a tropical climate.
The mean annual rainfall for areas with a tropical climate

Journal of Disaster Research Vol.14 No.7, 2019
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Table 4. Number of dry day and fire alerts.

Number of the dry day =~ Number of fire alerts

Jan 9 1
Feb 26 0
Mar 17 0
Apr 17 3
May 23 1
Jun 21 1

Jul 29 19
Aug 28 488
Sep 30 1272
Oct 27 1746
Nov 18 10
Dec 16 3

ranged from 2000 to 3000 mm [37]. This decrease in rain-
fall was caused by the El Nifio in Indonesia. The average
monthly rainfall at the three stations in the study site was
the highest (134 mm) in November 2015. The net rain-
fall or rainfall factor (RF;) was calculated using Eq. (2) to
determine the number of dry days (Table 4). Dry day con-
ditions were found on 29 days in July, 28 days in August,
30 days in September and 27 days in October 2015.

4.2. Number of Fire Alerts Data

In 2015, there were 30,121 NFA events in the Central
Kalimantan Province and 3,544 events in the Mantangai
Sub-district. There were 3525 NFA events in Mantan-
gai from July to November 2015, as much as 12.1% from
the 29,171 events in Central Kalimantan. NFA increased
from July to November 2015, and the largest number of
NFA was observed in October 2015, with 1,741 events.
This data indicates that the number of fire alerts in Octo-
ber represents half of the NFA for the year 2015, as pre-
sented in Table 4.

4.3. Keetch-Byram Drought Index (KBDI) Analysis

The results of the analysis using DF;, under tropical
wetland conditions [37] and under tropical peatland con-
ditions influenced by the El Nifio phenomenon are de-
picted in Fig. 3.

Figure 3 depicts an added line for the beginning of the
extreme index, at 175 mm for KBDI modified for the trop-
ical wetland condition, and at 350 mm for KBDI mod-
ified for tropical peatland conditions. The KBDI level,
with DF; formula for tropical wetland conditions, for a
low index level from 0-100 was 218 values, the moder-
ate index from 101-150 was 42 values, the high drought
index from 151-175 was as much as 56 values, and the
extreme drought index of more than 175 was 49 values.
In the calculation of KBDI, with the modified DF, for-
mula for tropical peatland conditions including El Nifio
phenomenon, there were 59 values from the high level,
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NFA
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Fig. 3. Comparison of KBDI for tropical wetland and the
modified KBDI for tropical peatland with the El Nifio phe-
nomenon.

Table 5. Drought level conditions.

Wetland conditions Peatl arlg CE?}gilggns due
Low Mod High Extreme| Low Mod High Extreme

Jan 31 0 0 0 31 0 0 0
Feb 23 5 0 0 26 2 0 0
Mar | 30 1 0 0 30 1 0 0
Apr 30 0 0 0 21 9 0 0
May | 28 3 0 0 20 11 0 0
Jun 25 5 0 0 0 30 0 0
Jul 0 16 15 0 0 12 19 0
Aug 0 12 19 0 0 1 30 0
Sep 0 0 7 23 0 0 8 22
Oct 0 0 9 22 0 0 0 31
Nov 20 0 6 4 15 5 2 8
Dec 31 0 0 0 31 0 0

and the extreme drought conditions increased to 61 occur-
rences, from July until November 2015. The class index
is presented in Table 5.

Owing to the 35% reduction in rainfall occurring in the
study area in 2015 due to El Nifio, and the change in w,
caused by groundwater table change, the extreme drought
index increased. High and extreme class results started at
the beginning of the dry season from July. In calculating
KBDI, with DF;, formula under tropical wetland condi-
tions and tropical peatland conditions, high drought levels
began to occur in early July 2015. Extreme drought levels
began to occur in September 2015.Fig. 4 shows the high
and extreme classes in KBDI response (with the formula
for tropical wetland conditions shown as modification 1,
and KBDI with DF; under tropical peatland conditions
including El Nifo as modification 2) against fire risk as-
sessment represented by the number of fire alerts.

Figure 4 shows the high and extreme drought index re-
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Fig. 4. Correlation between Keetch-Byram drought index
(KBDI) values and number of fire alerts (NFA).

sults from the beginning of July to November 2015, rep-
resenting the occurrence of fires beginning in July 2015,
from KBDI modification for tropical wetland conditions
and tropical peatland conditions. Two important findings
are:

1. Index response with the DF; formula for tropical wet-
land conditions

Based on the analysis of KBDI with the DF; formula
for tropical wetland conditions, no extreme drought
occurred at the beginning of July and August. Ex-
treme drought indices occurred in September 2015 in
23 events, October 2015 in 22 events, and Novem-
ber 2015 in four events. Based on NFA data recorded
in July, the study site had 19 fire alerts, followed by
488 fire alerts in August, 1272 fire alerts in September,
and 1746 fire alerts in October. The highest level of
extreme index results occurred in September 2015.

2. KBDI response to a corrected DF; for tropical peatland
conditions

In the corrected DF; formula for tropical peatland con-
ditions affected by El Nifio, with a rainfall reduction
of 35% with Rp = 1650 mm and groundwater level
400 mm, high to extreme drought levels were ob-
served from September to November 2015, with 61 in-
dices. The results for the extreme drought index were
22 events in September, 31 events in October, and eight
events in November 2015. This finding is consistent
with the NFA data, where the starting point of fire is in
July and the highest number of fire alerts are in Octo-
ber, with 1746 fire alerts. These fire alerts conditions
in October 2015 are predicted by extreme drought con-
ditions that cover the whole 31 days of the month.

4.4. Discussion

This study was conducted on a peat fire situation in
2015 in Central Kalimantan. This study conducted anal-
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ysis on KBDI results for data collected in 2015, compar-
ing corrected DF; modifications for tropical wetland con-
ditions and tropical peatland conditions and the number
of fire alerts in Mantangai Sub-district, with the results
demonstrating that:

1. The modifications of the KBDI index for tropical peat-
land conditions adequately represents the real fire risk
assessment data recorded in 2015. KBDI modifica-
tion for tropical peatland conditions increases from the
high index level to the extreme index level to the value
of 350 and continues to rise to the maximum value
of 400 starting on September 9, 2015, representing
109 NFA events that day. KBDI modification for trop-
ical wetland conditions increased from the high index
level to the extreme index level on September 9, 2015,
represented by 65 fire alerts. These modifications of
the KBDI for the conditions of tropical peatlands can
demonstrate the potential for fire disasters in the study
area.

2. In October 2015, there were 1746 NFA events in Man-
tangai, with the KBDI modification for tropical peat-
land conditions resulting in 31 days of extreme indices,
while the KBDI wetland modification only resulted in
22 days with extreme indices. According to the mod-
ified DF; for tropical peatland conditions, the extreme
class is 12 points higher than KBDI modified for trop-
ical wetland conditions. It rises from September to
November 2015 in the study area, with the corrected
water table of 400 mm.

3. The highest number of NFA was on October 14, 2015,
with 449 fire alerts events represented by the extreme
value in KBDI modified for tropical peatland condi-
tions, while the KBDI modified for wetland conditions
only resulted in high index results, as shown in Fig. 3.

4. The statistical parameter for extreme classes compared
against the number of fires from July to November
using linear regression for modification 1 gave R>
as 0.828 with p-value 0.03. Modification 2 for trop-
ical peatlands gave R> as 0.829 with p-value 0.03. It
has been shown that both modifications give a good
statistical result.

The modified KBDI for tropical peatland conditions
seems to perform better in wildfire risk assessment in
the Central Kalimantan during El Nifo in 2015 com-
pared with other KBDI formulas. The results follow those
of previous Kalimantan Forests and Climate Partnership
(KFCP) observations. A study by KFCP from 2004 to
2013 in the same study area showed daily wildfire pat-
terns indicating fires at the same locations and in the same
months. Fires occurred from late July to early November.
The peak of the fires occurred in September [51]. Previ-
ous research from 2001 to 2010 found large-scale land
management practices using fire, which caused smoke
hazards from mid-August to late October [52]. We can
consider the use of the empirical drought index formula
for tropical peatland conditions to have several general
principles, which are as follows:

1. The KBDI formula must be based on the net rain-
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fall factor set by the R threshold. This threshold for
tropical conditions still uses the same threshold as in
the previous KBDI formula defined under sub-tropical
conditions.

2. Peatland wildfires are not just caused by meteorologi-
cal conditions but also by many internal factors in the
soil, such as peat decomposition, physical properties,
water holding capacity [52], and capillarity rise.

3. Peatland wildfires are also affected by unwise peatland
management, such as building drainage canals in the
peat dome, which results in a change in the water table.

Evaluation of the performance of KBDI under a range
of climatic conditions, including a sub-tropical climate,
Mediterranean climate, and tropical climate, reports that
KBDI is a flexible drought index for almost all climatic
conditions and may represent an important tool for forest
fire control.

5. Conclusion

KBDI modification, by correcting the DF; formula for
the referenced water table level for peatland and with the
influence of rainfall reduction due to the El Nifo phe-
nomenon, can accurately represent NFA in peatland. The
analysis shows the results of the KBDI; drought factor
(DFy) correction for tropical peatland conditions, gave an
extreme index (375 to 400 mm) occurring from Septem-
ber 9, 2015. Twenty-seven dry days caused 31 days of
extreme index, represented by 1746 fire alerts in October
2015. The highest NFA number was on October 14, 2015
with 449 fire alerts events represented with this formula
as an extreme value. Therefore, this formula provided
satisfactory results in the El Nifio conditions of 2015.
Further testing is still needed to prove the formula for
other El Nifio events. In addition to the meteorological
and water table factors in the KBDI formula, which af-
fect drought management in peatland, several supporting
factors must be considered, such as peat decomposition,
physical characteristics, water holding capacity, and cap-
illarity rise. The degraded physical properties of peatlands
also lead to larger wildfires with the same number of dry
days.
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Peatland wildfires, especially in tropical ecosystems,
are often caused by drought, and lead to smoke and
other related problems in all aspects of community
life in Indonesia, especially in Central Kalimantan.
Drought is worsened by the number of dry days in
the dry season, known as the El Nifo phenomenon,
and the drainage system in a peatland. Additionally,
drought decreases the water table and increases the
probability of occurrence of wildfires in peatland ar-
eas. This study aims to modify the numerical for-
mula of the drought factor (DF};) in the Keetch-Byram
drought index (KBDI) based on tropical peatland
wildfire conditions in Central Kalimantan during the
El Nifio phenomenon in 2015. Furthermore, it applies
a revised peatland water table reference of 400 mm
below the ground surface, based on previous research
and the Government regulation on peatland ecosys-
tem protection and management in Indonesia. These
El Nifio conditions caused a rain decline of approxi-
mately 35% in Block A, Ex-Mega Rice Project, Man-
tangai sub-District, Kapuas District, Central Kali-
mantan Province. The modified KBDI is compared
with the Number of Fire Alerts (NFA) using NASA’s
Active Fire Data in 2015. The analysis results demon-
strate that the modified DF; under tropical peatland
conditions leads to an increase in the drought index
value, beginning on the driest days between July and
November 2015. The value of the KBDI drought in-
dex increases from the high to the extreme index from
September to November 2015, when as many as 61 ex-
treme drought indices became indicators for peatland
wildfire risk assessment. The extreme KBDI is directly
proportional to the NFA recorded during 2015, and
the highest number of fire alerts is observed for Octo-
ber 2015, with 1746 fire alerts within 31 days and ex-
treme drought indices from 27 days. Hence, this mod-
ified formula is suitable for wildfire conditions on this
peatland in Central Kalimantan. Overall, the mod-
ified DF,; can be successfully applied to the El Niiio
phenomenon in 2015.

Keywords: Keetch—-Byram drought index (KBDI), num-
ber of fire alerts, El Nifio, water table, peatland wildfire

Journal of Disaster Research Vol.14 No.7, 2019

1. Introduction

The forest wildfires of 2015 were the largest wildfires
in Indonesia for the last ten years in terms of the amounts
of trace gases and aerosols released, which have been
monitored in several previous studies [1]. The severity of
theses wildfires was similar to the disaster that occurred
in 1997 [2]. Forest wildfires in Indonesia not only occur
in upland environments but also in wetlands [3]. These
forest wildfires mainly occur in tropical peatlands [4].
Wildfires in tropical peatlands occupy an area equivalent
to 10.8% of Indonesia’s land area [5]. Among tropical
countries, Indonesia has the largest area of tropical peat-
land, which is approximately 14 million ha and is mainly
found in Sumatra, Kalimantan, and Papua [6]. Indonesia’s
peatland is a part of the wider tropical peatland habitat
in Southeast Asia [7]. Tropical peat comprises accumu-
lated organic materials in a wetland ecosystem [8]. Trop-
ical peat is formed in forests under wetland conditions
with the production of large quantities of organic mate-
rials [9, 10].

Indonesia’s peatland has been developed by the build-
ing drainage systems. Canals are intended to decrease
the water table in the peatland. These canals are uti-
lized to support the cultivation of crops, such as oil palm
and acacia. The resulting decrease in the water table can
cause the peat to become overdrained and thereby make
it flammable, damaging the ecological balance and elim-
inating forest and peatland biodiversity [10]. Peatland
is commonly burned to minimize production cost; how-
ever, this practice may cause uncontrolled peatland wild-
fires [11]. In addition to human-caused fires, peatland
wildfires are caused by meteorological drought factors,
such as a lack of rainfall and high evaporation rate [12].
Dry peatland, which is fundamentally unstable, loses wa-
ter from the soil, allowing oxygen to penetrate the pores
and oxidize the peat through biological and chemical pro-
cesses [13]. Peatland wildfires not only cause rainfor-
est degradation [14] and affect biodiversity [15], but also
release smoke and carbon emissions to the atmosphere;
fire harms nearby communities and leads to the loss of
lives and property [16]. Peatland wildfires slowly spread
through the surface, and those classified as smoldering
fires are absorbed by the subsurface and organic lay-
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ers [17]. This type of fire is difficult to detect [18]. Smol-
dering wildfire causes the lateral spread of flames un-
der different moisture and wind conditions [19] and cre-
ates strong smoke that spreads over extensive areas [20].
Drought and fires are important components for the as-
sessment of the dynamics of tropical peat forests [21].

The risk of wildfires increases as the frequency and du-
ration of drought increases [22]. Natural drought is a con-
dition that cannot be managed [23] and has affected mil-
lions of square kilometers of land in many areas, such as
North America, West Africa, and East Asia [24]. In In-
donesia, drought in peatlands leads to sub-surface wild-
fires all around the ecosystem. These wildfires cause
smoke to spread to other countries, such as Malaysia [25].
Fires occur almost every year in Indonesia during the
dry season. Wildfires usually occur between June and
September and intensify during El Nifio [26]. EI Niiio
is a natural phenomenon characterized by the warming of
temperatures in the Pacific Ocean and causes drought in
the Asian region [27]. El Nifo decreases the amount of
rainfall in Indonesia [16].

A situation with lower than average water availability
due to climate variability may cause drought [28]. The
limitations for drought have not yet been widely agreed
upon, which indicates that drought is a region specific
event. However, there are several types of drought that
can be used as reference. A decreased amount of rainfall
is also one of the causes of drought, namely, meteorolog-
ical drought [29]. This type of drought appears in various
components of the hydrological cycle [30]. Drought is
not only caused by meteorological factors (lack of precip-
itation), but also by agricultural (lack of soil moisture),
hydrological (lack of river discharge and dam inflows),
and socio-economic (lack of water supply to meet water
demand) factors [29, 31].

In Indonesia, meteorological drought is often accom-
panied by dry peatland caused by the decline in the water
table and changes in the physical properties of peat due
to the drainage system. Some fires are also caused by
human activities, such as land clearing. The blocking of
canals can reduce the degradation of peatlands to a larger
extent [32]. Additionally, it can also help to maintain the
water table [33] to prevent drought on peatlands.

The process by which drought leads to wildfires is a
complex process, and a drought index cannot be easily
specified. No index can fully explain the complexity of
drought and its impacts [34]. A drought index can be
used as an indicator to determine the classification of the
drought level of a particular region or area [28]. Many
drought indices have been expanded to appraise the scale,
type, and impact of drought [35]. Many drought indices
are easy to build and use, based on meteorology data,
soil moisture, hydrology, and remote sensing [36]. One
formula that uses meteorological data is the standard-
ized precipitation index (SPI) [29] and the Keetch—Byram
drought index (KBDI) [37].

Some drought indices are built for specific uses and
environments. In forestry, many drought indices are de-
signed for fire risk assessment [38]. The most widely
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used drought indices are the Nesterov index, Zhdanko in-
dex [39], Angstrom index [40], Baumgartner index [41],
McArthur forest fire danger index [42], and KBDI [43].
KBDI is one of the most widely used indices for for-
est fire management under various climatic conditions [2,
34]. KBDI was first developed for forest fire manage-
ment in the sub-tropical Florida region in USA [3]. KBDI
was also developed to be suitable under Mediterranean
conditions, providing accurate results for forestry and fire
risk management in Thessaloniki, Northern Greece [44].
Therefore, this study aims to test the behavior of KBDI,
modified for peatland wildfires in Central Kalimantan un-
der tropical climate conditions affected by the El Nifio
disaster in 2015, when the El Nifio conditions caused a
significant rainfall decline in most parts of Indonesia.

2. KBDI Index Modification
2.1. KBDI and Wildfire Risk Assessment

KBDI was first introduced to manage forest fire control
under a sub-tropical climate. This index represents the net
effect of evapotranspiration and precipitation on cumula-
tive moisture deficiency in deep duff or upper soil lay-
ers, and is related to the flammability of organic materials
in the ground [43]. KBDI is applied to human activity-
caused fire and sub-surface fire, and is determined using
Eq. (D).

KBDI, = KBDI,_, + DF, —RF,, . . . . . .(l)

where DF; is drought factor (mm), RF; is rainfall factor
(mm), ¢ is time (day).

The value of the rainfall factor (RF;) is determined us-
ing meteorological data, in the form of annual rainfall and
daily rainfall. An RF; of more than 5.1 mm/day is consid-
ered a reduction in the drought index and is determined
using the following equation [43].

(R, —5.1),
R; > 5.1 mm/day, 1st rainy day,
RE = Rl‘? Rl‘—l Z 51 mm/day, (2)

2nd and the next rainy day,
0, R; < 5.1 mm/day,

where R, is daily rainfall at # and R,_ is daily rainfall at
t—1.

The drought factor (DF;) was determined based on the
basic theory of soil moisture degradation in the forest area
by assuming the following: (1) the field capacity of the
organic layer is considered as 203 mm of water in ex-
cess of moisture held by the layer at the wilting point;
(2) the organic soil layer obtains moisture from rainfall
and loses moisture from evapotranspiration, and the low-
est moisture level is detected at the wilting point; (3) the
rate of evapotranspiration is a function of meteorological
variables and vegetation density, and (4) the vegetation
density is a function of the mean annual rainfall [43]. The
basic formula of DF; from Eq. (18) of [43] is modified
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Table 1. Climate variables and the coefficient drought factor.

Variable Subtropical Tropical
T, [°C] 26.67 26.67
Ro [mm] 1270 2540
a 0.9667 0.4982
b 0.0875 0.0875
c 8.30 4.27
We 203 203

with [37] for tropical condition, and [45] for the a, b, and ¢
coefficients as follows:

bTm+1.5552) _ C) 10-3

(ae(
DF, = (w.—KBDI,_) 1 + 10.88¢(—0-001736R,)

3

where DF; is drought factor (mm), w, is correspond-
ing field capacity of available water in the layer (mm),
KBDI,_; is moisture deficiency (KBDI at t — 1), T}, is
daily maximum air temperature (°C), ¢ is time increment
(day), Ry is average annual rainfall (mm), a and c are co-
efficients influenced by the mean annual rainfall (Ry), and
b is coefficient influenced by evapotranspiration.

In a sub-tropical climate, the average annual rainfall
Ry is 1270 mm, maximum temperature (7,,) is 26.67°C,
and corresponding field capacity of available water in the
layer (w.) is 203 mm [43]. 126.67.r, from Eq. (13) of [43]
gives 1r6.67.r, = 56.41 days. If R = o and Ry = 1270 mm
for a subtropical climate, f667. from Eq. (16) of [43]
giV('}S 126.67,00 = 0.4545 16.67,1270 = 25.64 days.

[37] modifies the drought-factor formula (DF;) affected
by tropical annual rainfall (Rp) as 2540 mm, w., and
the temperature used is the same as that in [43], which
is 26.67°C. w, is 203 mm. [37] adjusts the constants
126.67,. for a tropical condition from [37] as 12667 =
0.8831 126.67;2540 = 49.87 days.

The coefficients a, b, and ¢ for the sub-tropical condi-
tion [43] and tropical condition [37] are listed in Table 1.

2.2. KBDI Index Modification for the Tropical Cli-
mate

2.2.1. KBDI Index Modification for Tropical Wetland

[37] modified DF; is affected by annual rainfall and
evapotranspiration in a tropical climate through changing
the values of the coefficients a and c. It was concluded
that the loss of evapotranspiration in the tropical climate
is 15% higher relative to that in the sub-tropical climate;
thus, the coefficient » in Table 2 become 0.0905 [37].
These coefficients are used as the modifications for the
tropical wetland conditions in this paper.

2.2.2. KBDI Modified for Tropical Peatlands Followed
by El Niio

The formula of DF; (Eq. (3)) has been developed to

represent the average rainfall conditions for wildfire risk
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Table 2. Climate variables and the coefficient drought factor
for tropical wetland and peatland condition.

Tropical peatland

Parameter Tropical wetland due to El Nifio
T [°C] 26.67 26.67
Ry [mm] 2540 1650
a 0.4982 0.3614
b 0.0905 0.0905
c 4.27 3.10
We 203 400

control in tropical wetland ecosystems. However, wild-
fires in tropical forests, especially those in Indonesia’s
tropical forests, are also affected by the EI Nifio phe-
nomenon, which causes extreme warming to the equa-
torial Pacific. El Nifio causes severe droughts in Aus-
tralia, Indonesia, India, and South Africa, as well a reduc-
tion in average rainfall [27]. In 2009, the Southern part
of Kalimantan received low precipitation, which caused
peatland drying and the easy spread of fires [46]. Anal-
ysis of rainfall from three stations in the study area in-
dicates that when El Nifio occurred in 2015, rainfall de-
creased by approximately 35% from the annual average
rainfall. The annual rainfall in 2015 at the study area
was 1650 mm. The evaporation time for the same tem-
perature used by [43] was 26.67°C.

In addition to the changes in the coefficients a and ¢
on DF;, w. was also modified. In the initial equation
of KBDI, the w, value is assumed to be 203 mm of the
soil water available for evapotranspiration [43]. The w,
value was on the scale from 0 to 203, where 0 denotes no
moisture depletion, and 203 indicates the highest deple-
tion [37]. The w, value is influenced by the depth of the
reference water table. This value was based on peatland
research in the Netherlands that used a 400 mm depth for
the reference water table to avoid peat subsidence [11].
Peat dryness correlated with wildfire frequency and the
reduction of groundwater level [47]. The Government
Regulation of the Republic of Indonesia No. 57 of 2016
on peat ecosystem protection and management, clause 23
point 3, states that peat ecosystems with a cultivation
function could be damaged if the water table depth is more
than 400 mm below the peat surface [48]. Thus, for the El
Nifio modifications in this paper, R, is set as 1650 mm,
T, is 26.67, and w, is 400. Based on the above con-
cept, adjustment constants using Eqgs. (13) and (16) of
[43] in tropical peatland gives t667:1650 = 111.17 days
and 126.67,00 = 0-6171‘26‘67; 1650 = 68.6 days.

The decrease in rainfall affects the values of the coeffi-
cients a and ¢ on DF; in Eq. (3). The coefficient b used
1s 0.0905 [37]. Table 2 shown climate variables for mod-
ification 1 (tropical wetland conditions [37]) and modifi-
cation 2 (tropical peatland conditions due to El Nifio) in
2015.

In the previous study, four fire danger classes were
used, from O to 203 mm [37]. In the present study, the
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Table 3. Drought index classes of KBDI modified for trop-
ical peatland conditions.

Classes KBDI index tigi](?;l;:é;: d
low 0-100 0-200
moderate 101-150 201-300
high 151-175 301-350
extreme > 175 > 350

new value of w, causes a change in the KBDI classes.
The water table ranges from 0 to 400 mm. The water ta-
ble at 400 mm below the surface is considered to cause
the maximum drought index and a potential fire risk in
the peat ecosystem. A water table of 0 mm, where water
is on the surface of the land, is expressed as an ideal peat
condition that is always inundated. Based on the new w,
value for the peatland condition, the value of the KBDI
classes is corrected. Drought index classes are classified
into four levels, as presented in Table 3.

3. Study Area and Methods

3.1. Study Area

The Mega Rice Project consists of one million hectares
of peatland in Central Kalimantan and caused damage to
the tropical peat forest [49]. It caused the large wildfire
in 2015. The highest number of fire alerts (NFA) was
recorded on October 19, 2015. The conditions of peatland
wildfires in Kalimantan captured by the Moderate Res-
olution Imaging SpectroRadiometer (MODIS) from the
NASA Aqua satellite are illustrated in Fig. 1. This image
was taken on October 19, 2015; the red line indicates a
hot spot where the sensors detected unusually warm sur-
face temperatures associated with fires, and gray smoke
signals the conditions [50].

The present study was conducted in Block A, the Ex-
Mega Rice Project (EMRP) located in Mantangai sub-
District, Kapuas District, Central Kalimantan Province,
which is illustrated in Fig. 2(a) [51]. Fig. 2(b) de-
picts some post-wildfire conditions in the peatland around
Block A in November 2015. This area underwent land
clearing, which caused the peatland to become dry and
flammable. A drought index for peat wildfire risk as-
sessment was evaluated under peat wildfire conditions in
2015.

The largest wildfires occur in tropical peatlands, in-
cluding the tropical peatland in Indonesia. Peat wild-
fires have previously occurred in the EMRP area in Cen-
tral Kalimantan [52]. The Mega Rice Project was started
legally on a Presidential decree 82/1995. The project
caused 400 thousand ha of tropical rainforest cutting.
EMRP was a program that failed considerably to conserve
the peatlands in Indonesia [49]. The exploitation of forest
and peatland in EMRP land occurred due to the construc-
tion of drainage network systems [49]. The drainage net-
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Fig. 1. Wildfires hazard was found on October 19, 2015.

work systems divide peat domes, causing massive damage
and resulting in the loss of function as field reservoirs,
land subsidence, and a decreased water table [53]. This
phenomenon causes irreversible peat drying, which trig-
gers forest and peatland wildfires [54]. In addition to the
decreased water table, peatland wildfires are caused by
the rainfall reduction (the number of dry days), known
as the El Nifio phenomenon, which usually occurs from
September to October.

Rainfall data was recorded near the study area, such as
in Tjilik Riwut, Beringin, and Sanggu Rain Station [55].
Rainfall data was analyzed from 01 January 2015 to
31 December 2015, and there were a total of 263 dry days,
which is more than 70% of the total in 2015. The NFA in
the form of hotspots were obtained by using NASA’s Ac-
tive Fire Data to determine the possible location of fires.
The system uses NASA MODIS satellites, which survey
the entire earth every 1-2 days. The sensors on these
satellites detect hot marks in infrared spectral waves. Dur-
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Fig. 2. (a) Study area on Block A of Ex-Mega Rice
Project and (b) post-wildfire conditions in peatlands around
canal C (bl), Canal D post-wildfire (b2), and Canal E post-
wildfire (b3) in November 2015.

ing the processing of the satellite imagery, the algorithm
looks for a heat sign and detects it as a fire sign. The sys-
tem can indicate where a fire occurred and can provide a
warning of high risk areas [56].

3.2. Methods

In this study, a modified KBDI was developed for wild-
fire risk assessment under tropical peatland conditions
influenced by El Nifo, with modification to the base-
line groundwater conditions for peatland affecting the
w, value. The modified index was compared with KBDI
under tropical wetland conditions [37]. The results of
the two index modifications were compared against NFA
recorded in the peat forest, Block A, Mantangai Sub-
district, Central Kalimantan Province, in 2015.

4. Results and Discussion

4.1. Rainfall Data

Based on the observations, rainfall from the three rain
stations was almost uniform, with an average annual rain-
fall of 1650 mm in 2015. This rainfall value was below
the average annual rainfall of areas with a tropical climate.
The mean annual rainfall for areas with a tropical climate
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Table 4. Number of dry day and fire alerts.

Number of the dry day =~ Number of fire alerts

Jan 9 1
Feb 26 0
Mar 17 0
Apr 17 3
May 23 1
Jun 21 1

Jul 29 19
Aug 28 488
Sep 30 1272
Oct 27 1746
Nov 18 10
Dec 16 3

ranged from 2000 to 3000 mm [37]. This decrease in rain-
fall was caused by the El Nifio in Indonesia. The average
monthly rainfall at the three stations in the study site was
the highest (134 mm) in November 2015. The net rain-
fall or rainfall factor (RF;) was calculated using Eq. (2) to
determine the number of dry days (Table 4). Dry day con-
ditions were found on 29 days in July, 28 days in August,
30 days in September and 27 days in October 2015.

4.2. Number of Fire Alerts Data

In 2015, there were 30,121 NFA events in the Central
Kalimantan Province and 3,544 events in the Mantangai
Sub-district. There were 3525 NFA events in Mantan-
gai from July to November 2015, as much as 12.1% from
the 29,171 events in Central Kalimantan. NFA increased
from July to November 2015, and the largest number of
NFA was observed in October 2015, with 1,741 events.
This data indicates that the number of fire alerts in Octo-
ber represents half of the NFA for the year 2015, as pre-
sented in Table 4.

4.3. Keetch-Byram Drought Index (KBDI) Analysis

The results of the analysis using DF;, under tropical
wetland conditions [37] and under tropical peatland con-
ditions influenced by the El Nifio phenomenon are de-
picted in Fig. 3.

Figure 3 depicts an added line for the beginning of the
extreme index, at 175 mm for KBDI modified for the trop-
ical wetland condition, and at 350 mm for KBDI mod-
ified for tropical peatland conditions. The KBDI level,
with DF; formula for tropical wetland conditions, for a
low index level from 0-100 was 218 values, the moder-
ate index from 101-150 was 42 values, the high drought
index from 151-175 was as much as 56 values, and the
extreme drought index of more than 175 was 49 values.
In the calculation of KBDI, with the modified DF, for-
mula for tropical peatland conditions including El Nifio
phenomenon, there were 59 values from the high level,
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Fig. 3. Comparison of KBDI for tropical wetland and the
modified KBDI for tropical peatland with the El Nifio phe-
nomenon.

Table 5. Drought level conditions.

Wetland conditions Peatl arlg CE?}gilggns due
Low Mod High Extreme| Low Mod High Extreme

Jan 31 0 0 0 31 0 0 0
Feb 23 5 0 0 26 2 0 0
Mar | 30 1 0 0 30 1 0 0
Apr 30 0 0 0 21 9 0 0
May | 28 3 0 0 20 11 0 0
Jun 25 5 0 0 0 30 0 0
Jul 0 16 15 0 0 12 19 0
Aug 0 12 19 0 0 1 30 0
Sep 0 0 7 23 0 0 8 22
Oct 0 0 9 22 0 0 0 31
Nov 20 0 6 4 15 5 2 8
Dec 31 0 0 0 31 0 0

and the extreme drought conditions increased to 61 occur-
rences, from July until November 2015. The class index
is presented in Table 5.

Owing to the 35% reduction in rainfall occurring in the
study area in 2015 due to El Nifio, and the change in w,
caused by groundwater table change, the extreme drought
index increased. High and extreme class results started at
the beginning of the dry season from July. In calculating
KBDI, with DF;, formula under tropical wetland condi-
tions and tropical peatland conditions, high drought levels
began to occur in early July 2015. Extreme drought levels
began to occur in September 2015.Fig. 4 shows the high
and extreme classes in KBDI response (with the formula
for tropical wetland conditions shown as modification 1,
and KBDI with DF; under tropical peatland conditions
including El Nifo as modification 2) against fire risk as-
sessment represented by the number of fire alerts.

Figure 4 shows the high and extreme drought index re-
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Fig. 4. Correlation between Keetch-Byram drought index
(KBDI) values and number of fire alerts (NFA).

sults from the beginning of July to November 2015, rep-
resenting the occurrence of fires beginning in July 2015,
from KBDI modification for tropical wetland conditions
and tropical peatland conditions. Two important findings
are:

1. Index response with the DF; formula for tropical wet-
land conditions

Based on the analysis of KBDI with the DF; formula
for tropical wetland conditions, no extreme drought
occurred at the beginning of July and August. Ex-
treme drought indices occurred in September 2015 in
23 events, October 2015 in 22 events, and Novem-
ber 2015 in four events. Based on NFA data recorded
in July, the study site had 19 fire alerts, followed by
488 fire alerts in August, 1272 fire alerts in September,
and 1746 fire alerts in October. The highest level of
extreme index results occurred in September 2015.

2. KBDI response to a corrected DF; for tropical peatland
conditions

In the corrected DF; formula for tropical peatland con-
ditions affected by El Nifio, with a rainfall reduction
of 35% with Rp = 1650 mm and groundwater level
400 mm, high to extreme drought levels were ob-
served from September to November 2015, with 61 in-
dices. The results for the extreme drought index were
22 events in September, 31 events in October, and eight
events in November 2015. This finding is consistent
with the NFA data, where the starting point of fire is in
July and the highest number of fire alerts are in Octo-
ber, with 1746 fire alerts. These fire alerts conditions
in October 2015 are predicted by extreme drought con-
ditions that cover the whole 31 days of the month.

4.4. Discussion

This study was conducted on a peat fire situation in
2015 in Central Kalimantan. This study conducted anal-
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ysis on KBDI results for data collected in 2015, compar-
ing corrected DF; modifications for tropical wetland con-
ditions and tropical peatland conditions and the number
of fire alerts in Mantangai Sub-district, with the results
demonstrating that:

1. The modifications of the KBDI index for tropical peat-
land conditions adequately represents the real fire risk
assessment data recorded in 2015. KBDI modifica-
tion for tropical peatland conditions increases from the
high index level to the extreme index level to the value
of 350 and continues to rise to the maximum value
of 400 starting on September 9, 2015, representing
109 NFA events that day. KBDI modification for trop-
ical wetland conditions increased from the high index
level to the extreme index level on September 9, 2015,
represented by 65 fire alerts. These modifications of
the KBDI for the conditions of tropical peatlands can
demonstrate the potential for fire disasters in the study
area.

2. In October 2015, there were 1746 NFA events in Man-
tangai, with the KBDI modification for tropical peat-
land conditions resulting in 31 days of extreme indices,
while the KBDI wetland modification only resulted in
22 days with extreme indices. According to the mod-
ified DF; for tropical peatland conditions, the extreme
class is 12 points higher than KBDI modified for trop-
ical wetland conditions. It rises from September to
November 2015 in the study area, with the corrected
water table of 400 mm.

3. The highest number of NFA was on October 14, 2015,
with 449 fire alerts events represented by the extreme
value in KBDI modified for tropical peatland condi-
tions, while the KBDI modified for wetland conditions
only resulted in high index results, as shown in Fig. 3.

4. The statistical parameter for extreme classes compared
against the number of fires from July to November
using linear regression for modification 1 gave R>
as 0.828 with p-value 0.03. Modification 2 for trop-
ical peatlands gave R> as 0.829 with p-value 0.03. It
has been shown that both modifications give a good
statistical result.

The modified KBDI for tropical peatland conditions
seems to perform better in wildfire risk assessment in
the Central Kalimantan during El Nifo in 2015 com-
pared with other KBDI formulas. The results follow those
of previous Kalimantan Forests and Climate Partnership
(KFCP) observations. A study by KFCP from 2004 to
2013 in the same study area showed daily wildfire pat-
terns indicating fires at the same locations and in the same
months. Fires occurred from late July to early November.
The peak of the fires occurred in September [51]. Previ-
ous research from 2001 to 2010 found large-scale land
management practices using fire, which caused smoke
hazards from mid-August to late October [52]. We can
consider the use of the empirical drought index formula
for tropical peatland conditions to have several general
principles, which are as follows:

1. The KBDI formula must be based on the net rain-
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fall factor set by the R threshold. This threshold for
tropical conditions still uses the same threshold as in
the previous KBDI formula defined under sub-tropical
conditions.

2. Peatland wildfires are not just caused by meteorologi-
cal conditions but also by many internal factors in the
soil, such as peat decomposition, physical properties,
water holding capacity [52], and capillarity rise.

3. Peatland wildfires are also affected by unwise peatland
management, such as building drainage canals in the
peat dome, which results in a change in the water table.

Evaluation of the performance of KBDI under a range
of climatic conditions, including a sub-tropical climate,
Mediterranean climate, and tropical climate, reports that
KBDI is a flexible drought index for almost all climatic
conditions and may represent an important tool for forest
fire control.

5. Conclusion

KBDI modification, by correcting the DF; formula for
the referenced water table level for peatland and with the
influence of rainfall reduction due to the El Nifo phe-
nomenon, can accurately represent NFA in peatland. The
analysis shows the results of the KBDI; drought factor
(DFy) correction for tropical peatland conditions, gave an
extreme index (375 to 400 mm) occurring from Septem-
ber 9, 2015. Twenty-seven dry days caused 31 days of
extreme index, represented by 1746 fire alerts in October
2015. The highest NFA number was on October 14, 2015
with 449 fire alerts events represented with this formula
as an extreme value. Therefore, this formula provided
satisfactory results in the El Nifio conditions of 2015.
Further testing is still needed to prove the formula for
other El Nifio events. In addition to the meteorological
and water table factors in the KBDI formula, which af-
fect drought management in peatland, several supporting
factors must be considered, such as peat decomposition,
physical characteristics, water holding capacity, and cap-
illarity rise. The degraded physical properties of peatlands
also lead to larger wildfires with the same number of dry
days.
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Peatland wildfires, especially in tropical ecosystems,
are often caused by drought, and lead to smoke and
other related problems in all aspects of community
life in Indonesia, especially in Central Kalimantan.
Drought is worsened by the number of dry days in
the dry season, known as the El Nifo phenomenon,
and the drainage system in a peatland. Additionally,
drought decreases the water table and increases the
probability of occurrence of wildfires in peatland ar-
eas. This study aims to modify the numerical for-
mula of the drought factor (DF};) in the Keetch-Byram
drought index (KBDI) based on tropical peatland
wildfire conditions in Central Kalimantan during the
El Nifio phenomenon in 2015. Furthermore, it applies
a revised peatland water table reference of 400 mm
below the ground surface, based on previous research
and the Government regulation on peatland ecosys-
tem protection and management in Indonesia. These
El Nifio conditions caused a rain decline of approxi-
mately 35% in Block A, Ex-Mega Rice Project, Man-
tangai sub-District, Kapuas District, Central Kali-
mantan Province. The modified KBDI is compared
with the Number of Fire Alerts (NFA) using NASA’s
Active Fire Data in 2015. The analysis results demon-
strate that the modified DF; under tropical peatland
conditions leads to an increase in the drought index
value, beginning on the driest days between July and
November 2015. The value of the KBDI drought in-
dex increases from the high to the extreme index from
September to November 2015, when as many as 61 ex-
treme drought indices became indicators for peatland
wildfire risk assessment. The extreme KBDI is directly
proportional to the NFA recorded during 2015, and
the highest number of fire alerts is observed for Octo-
ber 2015, with 1746 fire alerts within 31 days and ex-
treme drought indices from 27 days. Hence, this mod-
ified formula is suitable for wildfire conditions on this
peatland in Central Kalimantan. Overall, the mod-
ified DF,; can be successfully applied to the El Niiio
phenomenon in 2015.

Keywords: Keetch—-Byram drought index (KBDI), num-
ber of fire alerts, El Nifio, water table, peatland wildfire
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1. Introduction

The forest wildfires of 2015 were the largest wildfires
in Indonesia for the last ten years in terms of the amounts
of trace gases and aerosols released, which have been
monitored in several previous studies [1]. The severity of
theses wildfires was similar to the disaster that occurred
in 1997 [2]. Forest wildfires in Indonesia not only occur
in upland environments but also in wetlands [3]. These
forest wildfires mainly occur in tropical peatlands [4].
Wildfires in tropical peatlands occupy an area equivalent
to 10.8% of Indonesia’s land area [5]. Among tropical
countries, Indonesia has the largest area of tropical peat-
land, which is approximately 14 million ha and is mainly
found in Sumatra, Kalimantan, and Papua [6]. Indonesia’s
peatland is a part of the wider tropical peatland habitat
in Southeast Asia [7]. Tropical peat comprises accumu-
lated organic materials in a wetland ecosystem [8]. Trop-
ical peat is formed in forests under wetland conditions
with the production of large quantities of organic mate-
rials [9, 10].

Indonesia’s peatland has been developed by the build-
ing drainage systems. Canals are intended to decrease
the water table in the peatland. These canals are uti-
lized to support the cultivation of crops, such as oil palm
and acacia. The resulting decrease in the water table can
cause the peat to become overdrained and thereby make
it flammable, damaging the ecological balance and elim-
inating forest and peatland biodiversity [10]. Peatland
is commonly burned to minimize production cost; how-
ever, this practice may cause uncontrolled peatland wild-
fires [11]. In addition to human-caused fires, peatland
wildfires are caused by meteorological drought factors,
such as a lack of rainfall and high evaporation rate [12].
Dry peatland, which is fundamentally unstable, loses wa-
ter from the soil, allowing oxygen to penetrate the pores
and oxidize the peat through biological and chemical pro-
cesses [13]. Peatland wildfires not only cause rainfor-
est degradation [14] and affect biodiversity [15], but also
release smoke and carbon emissions to the atmosphere;
fire harms nearby communities and leads to the loss of
lives and property [16]. Peatland wildfires slowly spread
through the surface, and those classified as smoldering
fires are absorbed by the subsurface and organic lay-
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ers [17]. This type of fire is difficult to detect [18]. Smol-
dering wildfire causes the lateral spread of flames un-
der different moisture and wind conditions [19] and cre-
ates strong smoke that spreads over extensive areas [20].
Drought and fires are important components for the as-
sessment of the dynamics of tropical peat forests [21].

The risk of wildfires increases as the frequency and du-
ration of drought increases [22]. Natural drought is a con-
dition that cannot be managed [23] and has affected mil-
lions of square kilometers of land in many areas, such as
North America, West Africa, and East Asia [24]. In In-
donesia, drought in peatlands leads to sub-surface wild-
fires all around the ecosystem. These wildfires cause
smoke to spread to other countries, such as Malaysia [25].
Fires occur almost every year in Indonesia during the
dry season. Wildfires usually occur between June and
September and intensify during El Nifio [26]. EI Niiio
is a natural phenomenon characterized by the warming of
temperatures in the Pacific Ocean and causes drought in
the Asian region [27]. El Nifo decreases the amount of
rainfall in Indonesia [16].

A situation with lower than average water availability
due to climate variability may cause drought [28]. The
limitations for drought have not yet been widely agreed
upon, which indicates that drought is a region specific
event. However, there are several types of drought that
can be used as reference. A decreased amount of rainfall
is also one of the causes of drought, namely, meteorolog-
ical drought [29]. This type of drought appears in various
components of the hydrological cycle [30]. Drought is
not only caused by meteorological factors (lack of precip-
itation), but also by agricultural (lack of soil moisture),
hydrological (lack of river discharge and dam inflows),
and socio-economic (lack of water supply to meet water
demand) factors [29, 31].

In Indonesia, meteorological drought is often accom-
panied by dry peatland caused by the decline in the water
table and changes in the physical properties of peat due
to the drainage system. Some fires are also caused by
human activities, such as land clearing. The blocking of
canals can reduce the degradation of peatlands to a larger
extent [32]. Additionally, it can also help to maintain the
water table [33] to prevent drought on peatlands.

The process by which drought leads to wildfires is a
complex process, and a drought index cannot be easily
specified. No index can fully explain the complexity of
drought and its impacts [34]. A drought index can be
used as an indicator to determine the classification of the
drought level of a particular region or area [28]. Many
drought indices have been expanded to appraise the scale,
type, and impact of drought [35]. Many drought indices
are easy to build and use, based on meteorology data,
soil moisture, hydrology, and remote sensing [36]. One
formula that uses meteorological data is the standard-
ized precipitation index (SPI) [29] and the Keetch—Byram
drought index (KBDI) [37].

Some drought indices are built for specific uses and
environments. In forestry, many drought indices are de-
signed for fire risk assessment [38]. The most widely

used drought indices are the Nesterov index, Zhdanko in-
dex [39], Angstrom index [40], Baumgartner index [41],
McArthur forest fire danger index [42], and KBDI [43].
KBDI is one of the most widely used indices for for-
est fire management under various climatic conditions [2,
34]. KBDI was first developed for forest fire manage-
ment in the sub-tropical Florida region in USA [3]. KBDI
was also developed to be suitable under Mediterranean
conditions, providing accurate results for forestry and fire
risk management in Thessaloniki, Northern Greece [44].
Therefore, this study aims to test the behavior of KBDI,
modified for peatland wildfires in Central Kalimantan un-
der tropical climate conditions affected by the El Nifio
disaster in 2015, when the El Nifio conditions caused a
significant rainfall decline in most parts of Indonesia.

2. KBDI Index Modification

2.1. KBDI and Wildfire Risk Assessment

KBDI was first introduced to manage forest fire control
under a sub-tropical climate. This index represents the net
effect of evapotranspiration and precipitation on cumula-
tive moisture deficiency in deep duff or upper soil lay-
ers, and is related to the flammability of organic materials
in the ground [43]. KBDI is applied to human activity-
caused fire and sub-surface fire, and is determined using
Eq. (1).

KBDI, = KBDI, +DF;—RF;, . . . . . . (1
where

DF; = drought factor (mm),
RF; = rainfall factor (mm),
t = time (day).

The value of the rainfall factor (RF;) is determined us-
ing meteorological data, in the form of annual rainfall and
daily rainfall. An RF; of more than 5.1 mm/day is consid-
ered a reduction in the drought index and is determined
using the following equation [43].

(R, —5.1),
R; > 5.1 mm/day, 1strainy day,
RF, =< R;,, R;,_;>5.1 mm/day, 2)

2nd and the next rainy day,
0, R; < 5.1 mm/day,
where

R; = daily rainfall at 7,
R, =daily rainfall at  — 1.

The drought factor (DF;) was determined based on the
basic theory of soil moisture degradation in the forest area
by assuming the following: (1) the field capacity of the
organic layer is considered as 203 mm of water in ex-
cess of moisture held by the layer at the wilting point;
(2) the organic soil layer obtains moisture from rainfall
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and loses moisture from evapotranspiration, and the low-
est moisture level is detected at the wilting point; (3) the
rate of evapotranspiration is a function of meteorological
variables and vegetation density, and (4) the vegetation
density is a function of the mean annual rainfall [43]. The
basic formula of DF; from Eq. (18) of [43] is modified
with [37] for tropical condition, and [45] for the a, b, and ¢
coefficients as follows:

bTm+1.5552) _ C) 1073

<ae(
DF; = (we — KBDI;1) 1+ 10.88(—0.001736Ry) ’

3)

where

DF; = drought factor (mm),

w. = corresponding field capacity of available water
in the layer (mm),

KBDI,_| = moisture deficiency (KBDI at ¢t — 1),

Tm = daily maximum air temperature (°C),

t = time increment (day),

Ry = average annual rainfall (mm),

a and ¢ = coefficient influenced by the mean annual

rainfall (Ry),
b = coefficient influenced by evapotranspiration.

In a sub-tropical climate, the average annual rainfall
Ro is 1270 mm, maximum temperature (7;,) is 26.67°C,
and corresponding field capacity of available water in the
layer (w,) is 203 mm [43]. 126 67,5, from Eq. (13) of [43]
gives 16 67.7, = 56.41 days. If R = o and Ry = 1270 mm
for a subtropical climate, 667, from Eq. (16) of [43]
gives 126.67,00 = 0.4545 126.67;1270 = 25.64 days.

[37] modifies the drought-factor formula (DF;) affected
by tropical annual rainfall (Rp) as 2540 mm, w,, and
the temperature used is the same as that in [43], which
is 26.67°C. w, is 203 mm. [37] adjusts the constants
126.67 for a tropical condition from [37] as f26.67.. =
0.8831 126.67;2540 = 49.87 days.

The coefficients a, b, and ¢ for the sub-tropical condi-
tion [43] and tropical condition [37] are listed in Table 1.

2.2. KBDI Index Modification for the Tropical Cli-
mate

2.2.1. KBDI Index Modification for Tropical Wetland

[37] modified DF; is affected by annual rainfall and
evapotranspiration in a tropical climate through changing
the values of the coefficients a and ¢. It was concluded
that the loss of evapotranspiration in the tropical climate
is 15% higher relative to that in the sub-tropical climate;
thus, the coefficient b in Table 2 become 0.0905 [37].
These coefficients are used as the modifications for the
tropical wetland conditions in this paper.
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Table 1. Climate variables and the coefficient drought factor.

Variable Subtropical Tropical
T [°C] 26.67 26.67
Ro [mm] 1270 2540
a 0.9667 0.4982
b 0.0875 0.0875
c 8.30 4.27
We 203 203

Table 2. Climate variables and the coefficient drought factor
for tropical wetland and peatland condition.

Tropical peatland

Parameter Tropical wetland due to El Nifio
Tn [°C] 26.67 26.67
Ro [mm] 2540 1650
a 0.4982 0.3614
b 0.0905 0.0905
c 4.27 3.10
We 203 400

2.2.2. KBDI Modified for Tropical Peatlands Followed
by El Niio

The formula of DF, (Eq. (3)) has been developed to
represent the average rainfall conditions for wildfire risk
control in tropical wetland ecosystems. However, wild-
fires in tropical forests, especially those in Indonesia’s
tropical forests, are also affected by the El Nifio phe-
nomenon, which causes extreme warming to the equa-
torial Pacific. El Nifio causes severe droughts in Aus-
tralia, Indonesia, India, and South Africa, as well a reduc-
tion in average rainfall [27]. In 2009, the Southern part
of Kalimantan received low precipitation, which caused
peatland drying and the easy spread of fires [46]. Anal-
ysis of rainfall from three stations in the study area in-
dicates that when El Nifio occurred in 2015, rainfall de-
creased by approximately 35% from the annual average
rainfall. The annual rainfall in 2015 at the study area
was 1650 mm. The evaporation time for the same tem-
perature used by [43] was 26.67°C.

In addition to the changes in the coefficients a and ¢
on DF;, w. was also modified. In the initial equation
of KBDI, the w, value is assumed to be 203 mm of the
soil water available for evapotranspiration [43]. The w,
value was on the scale from 0 to 203, where 0 denotes no
moisture depletion, and 203 indicates the highest deple-
tion [37]. The w, value is influenced by the depth of the
reference water table. This value was based on peatland
research in the Netherlands that used a 400 mm depth for
the reference water table to avoid peat subsidence [11].
Peat dryness correlated with wildfire frequency and the
reduction of groundwater level [47]. The Government
Regulation of the Republic of Indonesia No. 57 of 2016
on peat ecosystem protection and management, clause 23



Novitasari, N. et al.

Table 3. Drought index classes of KBDI modified for trop-
ical peatland conditions.

KBDI index in

Classes KBDI index tropical peatland
low 0-100 0-200
moderate 101-150 201-300
high 151-175 301-350
extreme > 175 > 350

point 3, states that peat ecosystems with a cultivation
function could be damaged if the water table depth is more
than 400 mm below the peat surface [48]. Thus, for the El
Niflo modifications in this paper, R, is set as 1650 mm,
T, is 26.67, and w, is 400. Based on the above con-
cept, adjustment constants using Eqs. (13) and (16) of
[43] in tropical peatland gives t26.67.1650 = 111.17 days
and 126.67,00 = 0-617t26.67;1650 =68.6 days.

The decrease in rainfall affects the values of the coeffi-
cients a and ¢ on DF; in Eq. (3). The coefficient b used
is 0.0905 [37]. Table 2 shown climate variables for mod-
ification 1 (tropical wetland conditions [37]) and modifi-
cation 2 (tropical peatland conditions due to El Nifio) in
2015.

In the previous study, four fire danger classes were
used, from 0 to 203 mm [37]. In the present study, the
new value of w, causes a change in the KBDI classes.
The water table ranges from 0 to 400 mm. The water ta-
ble at 400 mm below the surface is considered to cause
the maximum drought index and a potential fire risk in
the peat ecosystem. A water table of 0 mm, where water
is on the surface of the land, is expressed as an ideal peat
condition that is always inundated. Based on the new w,
value for the peatland condition, the value of the KBDI
classes is corrected. Drought index classes are classified
into four levels, as presented in Table 3.

3. Study Area and Methods

3.1. Study Area

The Mega Rice Project consists of one million hectares
of peatland in Central Kalimantan and caused damage to
the tropical peat forest [49]. It caused the large wildfire
in 2015. The highest number of fire alerts (NFA) was
recorded on October 19, 2015. The conditions of peatland
wildfires in Kalimantan captured by the Moderate Res-
olution Imaging SpectroRadiometer (MODIS) from the
NASA Aqua satellite are illustrated in Fig. 1. This image
was taken on October 19, 2015; the red line indicates a
hot spot where the sensors detected unusually warm sur-
face temperatures associated with fires, and gray smoke
signals the conditions [50].

The present study was conducted in Block A, the Ex-
Mega Rice Project (EMRP) located in Mantangai sub-
District, Kapuas District, Central Kalimantan Province,
which is illustrated in Fig. 2(a) [51]. Fig. 2(b) de-

Detail

Fig. 1. Wildfires hazard was found on October 19, 2015.

picts some post-wildfire conditions in the peatland around
Block A in November 2015. This area underwent land
clearing, which caused the peatland to become dry and
flammable. A drought index for peat wildfire risk as-
sessment was evaluated under peat wildfire conditions in
2015.

The largest wildfires occur in tropical peatlands, in-
cluding the tropical peatland in Indonesia. Peat wild-
fires have previously occurred in the EMRP area in Cen-
tral Kalimantan [52]. The Mega Rice Project was started
legally on a Presidential decree 82/1995. The project
caused 400 thousand ha of tropical rainforest cutting.
EMRP was a program that failed considerably to conserve
the peatlands in Indonesia [49]. The exploitation of forest
and peatland in EMRP land occurred due to the construc-
tion of drainage network systems [49]. The drainage net-
work systems divide peat domes, causing massive damage
and resulting in the loss of function as field reservoirs,
land subsidence, and a decreased water table [53]. This

Journal of Disaster Research Vol.14 No.7, 2019
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Fig. 2. (a) Study area on Block A of Ex-Mega Rice
Project and (b) post-wildfire conditions in peatlands around
canal C (bl), Canal D post-wildfire (b2), and Canal E post-
wildfire (b3) in November 2015.

phenomenon causes irreversible peat drying, which trig-
gers forest and peatland wildfires [54]. In addition to the
decreased water table, peatland wildfires are caused by
the rainfall reduction (the number of dry days), known
as the El Nino phenomenon, which usually occurs from
September to October.

Rainfall data was recorded near the study area, such as
in Tjilik Riwut, Beringin, and Sanggu Rain Station [55].
Rainfall data was analyzed from 01 January 2015 to
31 December 2015, and there were a total of 263 dry days,
which is more than 70% of the total in 2015. The NFA in
the form of hotspots were obtained by using NASA’s Ac-
tive Fire Data to determine the possible location of fires.
The system uses NASA MODIS satellites, which survey
the entire earth every 1-2 days. The sensors on these
satellites detect hot marks in infrared spectral waves. Dur-
ing the processing of the satellite imagery, the algorithm
looks for a heat sign and detects it as a fire sign. The sys-
tem can indicate where a fire occurred and can provide a
warning of high risk areas [56].

3.2. Methods

In this study, a modified KBDI was developed for wild-
fire risk assessment under tropical peatland conditions
influenced by El Nifio, with modification to the base-
line groundwater conditions for peatland affecting the
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Table 4. Number of dry day and fire alerts.

Number of the dry day =~ Number of fire alerts

Jan 9 1
Feb 26 0
Mar 17 0
Apr 17 3
May 23 1
Jun 21 1
Jul 29 19
Aug 28 488
Sep 30 1272
Oct 27 1746
Nov 18 10
Dec 16 3

w, value. The modified index was compared with KBDI
under tropical wetland conditions [37]. The results of
the two index modifications were compared against NFA
recorded in the peat forest, Block A, Mantangai Sub-
district, Central Kalimantan Province, in 2015.

4. Results and Discussion

4.1. Rainfall Data

Based on the observations, rainfall from the three rain
stations was almost uniform, with an average annual rain-
fall of 1650 mm in 2015. This rainfall value was below
the average annual rainfall of areas with a tropical climate.
The mean annual rainfall for areas with a tropical climate
ranged from 2000 to 3000 mm [37]. This decrease in rain-
fall was caused by the El Nifio in Indonesia. The average
monthly rainfall at the three stations in the study site was
the highest (134 mm) in November 2015. The net rain-
fall or rainfall factor (RF;) was calculated using Eq. (2) to
determine the number of dry days (Table 4). Dry day con-
ditions were found on 29 days in July, 28 days in August,
30 days in September and 27 days in October 2015.

4.2. Number of Fire Alerts Data

In 2015, there were 30,121 NFA events in the Central
Kalimantan Province and 3,544 events in the Mantangai
Sub-district. There were 3525 NFA events in Mantan-
gai from July to November 2015, as much as 12.1% from
the 29,171 events in Central Kalimantan. NFA increased
from July to November 2015, and the largest number of
NFA was observed in October 2015, with 1,741 events.
This data indicates that the number of fire alerts in Octo-
ber represents half of the NFA for the year 2015, as pre-
sented in Table 4.

4.3. Keetch-Byram Drought Index (KBDI) Analysis

The results of the analysis using DF;, under tropical
wetland conditions [37] and under tropical peatland con-
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Fig. 3. Comparison of KBDI for tropical wetland and the
modified KBDI for tropical peatland with the El Nifio phe-
nomenon.

Table 5. Drought level conditions.

Wetland conditions Peatl arlg CE?]}gilggns due
Low Mod High Extreme| Low Mod High Extreme

Jan 31 0 0 0 31 0 0 0
Feb 23 5 0 0 26 2 0 0
Mar | 30 1 0 0 30 1 0 0
Apr 30 0 0 0 21 9 0 0
May | 28 3 0 0 20 11 0 0
Jun 25 5 0 0 0 30 0 0
Jul 0 16 15 0 0 12 19 0
Aug 0 12 19 0 0 1 30 0
Sep 0 0 7 23 0 0 8 22
Oct 0 0 9 22 0 0 0 31
Nov 20 0 6 4 15 5 2 8
Dec 31 0 0 0 31 0 0

ditions influenced by the El Nifio phenomenon are de-
picted in Fig. 3.

Figure 3 depicts an added line for the beginning of the
extreme index, at 175 mm for KBDI modified for the trop-
ical wetland condition, and at 350 mm for KBDI mod-
ified for tropical peatland conditions. The KBDI level,
with DF; formula for tropical wetland conditions, for a
low index level from 0-100 was 218 values, the moder-
ate index from 101-150 was 42 values, the high drought
index from 151-175 was as much as 56 values, and the
extreme drought index of more than 175 was 49 values.
In the calculation of KBDI, with the modified DF; for-
mula for tropical peatland conditions including El Nifio
phenomenon, there were 59 values from the high level,
and the extreme drought conditions increased to 61 occur-
rences, from July until November 2015. The class index
is presented in Table 5.

Owing to the 35% reduction in rainfall occurring in the
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Fig. 4. Correlation between Keetch-Byram drought index
(KBDI) values and number of fire alerts (NFA).

study area in 2015 due to El Nifio, and the change in w,
caused by groundwater table change, the extreme drought
index increased. High and extreme class results started at
the beginning of the dry season from July. In calculating
KBDI, with DF; formula under tropical wetland condi-
tions and tropical peatland conditions, high drought levels
began to occur in early July 2015. Extreme drought levels
began to occur in September 2015.Fig. 4 shows the high
and extreme classes in KBDI response (with the formula
for tropical wetland conditions shown as modification 1,
and KBDI with DF; under tropical peatland conditions
including El Nifio as modification 2) against fire risk as-
sessment represented by the number of fire alerts.

Figure 4 shows the high and extreme drought index re-
sults from the beginning of July to November 2015, rep-
resenting the occurrence of fires beginning in July 2015,
from KBDI modification for tropical wetland conditions
and tropical peatland conditions. Two important findings
are:

1. Index response with the DF; formula for tropical wet-
land conditions

Based on the analysis of KBDI with the DF; formula
for tropical wetland conditions, no extreme drought
occurred at the beginning of July and August. Ex-
treme drought indices occurred in September 2015 in
23 events, October 2015 in 22 events, and Novem-
ber 2015 in four events. Based on NFA data recorded
in July, the study site had 19 fire alerts, followed by
488 fire alerts in August, 1272 fire alerts in September,
and 1746 fire alerts in October. The highest level of
extreme index results occurred in September 2015.

2. KBDI response to a corrected DF; for tropical peatland
conditions

In the corrected DF; formula for tropical peatland con-
ditions affected by El Nifio, with a rainfall reduction
of 35% with Ry = 1650 mm and groundwater level
400 mm, high to extreme drought levels were ob-
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served from September to November 2015, with 61 in-
dices. The results for the extreme drought index were
22 events in September, 31 events in October, and eight
events in November 2015. This finding is consistent
with the NFA data, where the starting point of fire is in
July and the highest number of fire alerts are in Octo-
ber, with 1746 fire alerts. These fire alerts conditions
in October 2015 are predicted by extreme drought con-
ditions that cover the whole 31 days of the month.

4.4. Discussion

This study was conducted on a peat fire situation in
2015 in Central Kalimantan. This study conducted anal-
ysis on KBDI results for data collected in 2015, compar-
ing corrected DF; modifications for tropical wetland con-
ditions and tropical peatland conditions and the number
of fire alerts in Mantangai Sub-district, with the results
demonstrating that:

1. The modifications of the KBDI index for tropical peat-
land conditions adequately represents the real fire risk
assessment data recorded in 2015. KBDI modifica-
tion for tropical peatland conditions increases from the
high index level to the extreme index level to the value
of 350 and continues to rise to the maximum value
of 400 starting on September 9, 2015, representing
109 NFA events that day. KBDI modification for trop-
ical wetland conditions increased from the high index
level to the extreme index level on September 9, 2015,
represented by 65 fire alerts. These modifications of
the KBDI for the conditions of tropical peatlands can
demonstrate the potential for fire disasters in the study
area.

2. In October 2015, there were 1746 NFA events in Man-
tangai, with the KBDI modification for tropical peat-
land conditions resulting in 31 days of extreme indices,
while the KBDI wetland modification only resulted in
22 days with extreme indices. According to the mod-
ified DF, for tropical peatland conditions, the extreme
class is 12 points higher than KBDI modified for trop-
ical wetland conditions. It rises from September to
November 2015 in the study area, with the corrected
water table of 400 mm.

3. The highest number of NFA was on October 14, 2015,
with 449 fire alerts events represented by the extreme
value in KBDI modified for tropical peatland condi-
tions, while the KBDI modified for wetland conditions
only resulted in high index results, as shown in Fig. 3.

4. The statistical parameter for extreme classes compared
against the number of fires from July to November
using linear regression for modification 1 gave R?
as 0.828 with p-value 0.03. Modification 2 for trop-
ical peatlands gave R” as 0.829 with p-value 0.03. It
has been shown that both modifications give a good
statistical result.

The modified KBDI for tropical peatland conditions
seems to perform better in wildfire risk assessment in
the Central Kalimantan during El Nifio in 2015 com-
pared with other KBDI formulas. The results follow those
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of previous Kalimantan Forests and Climate Partnership
(KFCP) observations. A study by KFCP from 2004 to
2013 in the same study area showed daily wildfire pat-
terns indicating fires at the same locations and in the same
months. Fires occurred from late July to early November.
The peak of the fires occurred in September [S1]. Previ-
ous research from 2001 to 2010 found large-scale land
management practices using fire, which caused smoke
hazards from mid-August to late October [52]. We can
consider the use of the empirical drought index formula
for tropical peatland conditions to have several general
principles, which are as follows:

1. The KBDI formula must be based on the net rain-
fall factor set by the R threshold. This threshold for
tropical conditions still uses the same threshold as in
the previous KBDI formula defined under sub-tropical
conditions.

2. Peatland wildfires are not just caused by meteorologi-
cal conditions but also by many internal factors in the
soil, such as peat decomposition, physical properties,
water holding capacity [52], and capillarity rise.

3. Peatland wildfires are also affected by unwise peatland
management, such as building drainage canals in the
peat dome, which results in a change in the water table.

Evaluation of the performance of KBDI under a range
of climatic conditions, including a sub-tropical climate,
Mediterranean climate, and tropical climate, reports that
KBDI is a flexible drought index for almost all climatic
conditions and may represent an important tool for forest
fire control.

5. Conclusion

KBDI modification, by correcting the DF; formula for
the referenced water table level for peatland and with the
influence of rainfall reduction due to the El Nifo phe-
nomenon, can accurately represent NFA in peatland. The
analysis shows the results of the KBDI; drought factor
(DF}) correction for tropical peatland conditions, gave an
extreme index (375 to 400 mm) occurring from Septem-
ber 9, 2015. Twenty-seven dry days caused 31 days of
extreme index, represented by 1746 fire alerts in October
2015. The highest NFA number was on October 14, 2015
with 449 fire alerts events represented with this formula
as an extreme value. Therefore, this formula provided
satisfactory results in the El Nifio conditions of 2015.
Further testing is still needed to prove the formula for
other El Nifio events. In addition to the meteorological
and water table factors in the KBDI formula, which af-
fect drought management in peatland, several supporting
factors must be considered, such as peat decomposition,
physical characteristics, water holding capacity, and cap-
illarity rise. The degraded physical properties of peatlands
also lead to larger wildfires with the same number of dry
days.
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