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1 

Peatland wildfires, especially in tropical ecosystems 1 

are due to drought and have caused smoke and 2 

other related problems in all aspects of community 3 

life in Indonesia, especially in Central Kalimantan. 4 

Drought is worsened by the number of drying days 5 

in the dry season, El Niño phenomenon, and 6 

drainage system in a peatland. Drought decreases 7 

the water table and triggers wildfire in a peatland. 8 

This research aims to modify numerical formula of 9 

drought factor (DFt) in the Keetch–Byram Drought 10 

Index (KBDI) of tropical peatland wildfire 11 

condition in Central Kalimantan during El Niño 12 

phenomenon in 2015 and to apply peatland water 13 

table reference are about 400 mm below the ground 14 

surface based on previous research and the 15 

Government regulation on peatland ecosystem 16 

protection and management in Indonesia. This El 17 

Niño conditions caused about 30% rain decline in 18 

Block A, Ex-Mega Rice Project (EMRP), 19 

Mantangai sub-District, Kapuas District, Central 20 

Kalimantan Province. The modified KBDI is 21 

compared with the Number of Fire Alerts (NFA) by 22 

using NASA’s active Fire Data in 2015. The analysis 23 

results show that modified DFt under tropical 24 

peatland conditions leads to an increase in the 25 

drought index value, which begins on the 26 

predominant drying day in July to October 2015. 27 

The extreme KBDI drought index increased from 28 

375 to 400 from September to November 2015 as 29 

much as 51 extreme drought indices became an 30 

indicator for peatland wildfire risk assessment. The 31 

extreme KBDI is directly proportional to the 32 

number of NFA recorded during 2015, and the 33 

highest number of fire occurred in October 2015, 34 

with as much as 1746 hot spots with 25 days 35 

extreme drought indices from 27 drying days. 36 

Hence, the modified formula is suitable for this 37 

peatland wildfire condition in Central Kalimantan. 38 

Overall, the modified DFt could be applied to El 39 

Niño phenomenon and other water table reference 40 

under different land conditions. 41 

Keywords: Keetch–Byram drought index, Drought 42 

factor, Number of Fire Alerts, El Niño, peatland 43 

wildfire 44 

1. Introduction  45 

The forest wildfire in Indonesia in 2015 is the 46 

largest wildfire in the last ten years in terms of the 47 

amounts of trace gases, and aerosols released [1]. The 48 

severity of this wildfire is similar to the disaster that 49 

occurred in 1997 [2]. Forest wildfires in Indonesia not 50 

only occur in upland but also in wetlands [3]. These 51 

forest wildfires mainly occur in tropical peatlands [4]. 52 

Wildfires in tropical peatland occupy an area 53 

equivalent to 10.8% of the Indonesia’s land area [5]. 54 

Among tropical countries, Indonesia has the largest 55 

tropical peatland, which is about 14 million ha and 56 

mainly spreads in Sumatra, Kalimantan, and Papua [6]. 57 

Indonesia’s peatland is a part of the tropical peatland 58 

in Southeast Asia [7]. Tropical peat comprises 59 

accumulated organic materials in a wetland ecosystem 60 

[8]. A tropical peat is formed in forests under wetland 61 

conditions with the production of large quantities of 62 

organic materials [9, 10]. Organic materials include 63 

trees in tropical forests [7].  64 

Indonesia’s peatland is developed by building a 65 

drainage system. Canals are intended to decrease the 66 

water table in the peatland. These canals are utilized to 67 

support the cultivation of crops, such as oil palm and 68 

acacia. The decrease in the water table can cause the 69 

peat to become over drained and more flammable, 70 

thereby damaging the ecological balance and 71 

eliminating forest and peatland biodiversity [10]. 72 

Peatland is commonly burned by people to minimize 73 

production cost, but this practice may cause 74 

uncontrolled peatland wildfires [11]. In addition to 75 

human-caused fires, peatland wildfires are caused by 76 

meteorological drought factors, such as lack of rainfall 77 

and high evaporation rate [12]. The water table also 78 

decreases due to drain and causes wildfire risk. Dry 79 

peatland, which is fundamentally unstable, will lose 80 

water from the pores of the soil, allowing oxygen to 81 

penetrate into the pores and oxidize the peat through 82 

biological and chemical processes [13]. Peatland 83 

wildfires not only cause rainforest degradation [14] 84 

and affect biodiversity [15] but also release smoke 85 

from carbon emissions to the atmosphere; smoke 86 

harms the human body and leads to loss of lives and 87 

property [16]. Peatland wildfires spread slowly 88 

through the surface, and those classified as smoldering 89 

type are absorbed by subsurface and organic layers 90 
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[17]. This type of fire is difficult to be detected [18]. 91 

Smoldering wildfire causes the lateral spread of flames 92 

under different moisture and wind conditions [19] and 93 

creates strong smoke that spreads over extensive areas 94 

[20]. Drought and fires are important components for 95 

the dynamics assessment of tropical peat forests [21].  96 

The risk of wildfires increases due to frequency and 97 

duration of drought [22]. Drought is a condition that 98 

cannot be managed [23] and has affected millions of 99 

square kilometers of land in many areas, such as North 100 

America, West Africa, and East Asia [24]. In 101 

Indonesia, drought in peatlands causes wildfires as 102 

sub-surface fires all around the ecosystem. These 103 

wildfires cause smoke to spread to other countries, 104 

such as Malaysia [25] and Singapore. Fires occur 105 

almost every year in Indonesia during the dry season. 106 

Wildfires usually occur between June and September 107 

and will intensify during El Niño [26]. El Niño is a 108 

natural phenomenon characterized by the warming of 109 

temperatures in the Pacific Ocean and causes drought 110 

in the Asian region [27]. El Niño decreases the amount 111 

of rainfall in Indonesia [16]. 112 

A situation with less than normal water availability 113 

due to climate variability may cause drought [28]. 114 

Decreased amount of rainfall is also one of the causes 115 

of drought, namely, meteorological drought [29]. This 116 

type of drought appears in various components of the 117 

hydrological cycle [30]. In Indonesia, meteorological 118 

drought is accompanied by dry peatland caused by the 119 

decline in the water table and changes in the physical 120 

properties of peat due to the drainage system. Drainage 121 

system forces water to fall from the land to the drains 122 

and continue to the water body. Internal factors cause 123 

the land to become drought and flammable. Some fires 124 

are also caused by human activities, such as land 125 

clearing. 126 

Drought causes wildfires in a complex process, and 127 

drought index cannot be easily specified. No index can 128 

explain the complexity of drought and its impact [31]. 129 

In a previous meteorological drought analysis, the ratio 130 

between the amount of available water, especially rain, 131 

and the amount of water loss due to evaporation 132 

process is called drought index. Furthermore, the 133 

drought index can be used as indicator to determine the 134 

classification of the drought level of a particular region 135 

or area [28]. Many drought indices have been 136 

expanded to appraise the scale, type, and impact of 137 

drought [32]. In forestry, many drought indices are 138 

designed for fire risk assessment [33]. The most widely 139 

used drought indices are the Nesterov index, the 140 

Zhdanko index [34], the Angstrom Index [35], the 141 

Baumgartner index [36], the McArthur forest fire 142 

danger index [37], and the Keetch–Byram Drought 143 

Index (KBDI) [38]. KBDI is one of the most widely 144 

used indices for forest fire control management under 145 

various climatic conditions [31]. KBDI was first 146 

developed for forest fire control management in the 147 

sub-tropical Florida region in USA [38]. KBDI was 148 

also developed to be suitable under Mediterranean 149 

conditions. This study provides accurate results in 150 

forestry and fire risk management in Thessaloniki, 151 

Northern Greece [39]. 152 

A previous study of Petros, et al (2011) obtained a 153 

high response between the modified KBDI in a 154 

Mediterranean climate to the data of real moisture in 155 

the region. The modified KBDI used under rainfall 156 

conditions in Mediterranean takes on higher values 157 

during summer months to estimated fire risk in that 158 

study area [39]. The modified index in Mediterranean 159 

climate was verified by testing the KBDI of pine 160 

forests in the southwestern province of Valencia, Spain 161 

under sub-tropical and Mediterranean climate 162 

conditions in terms of tree growth density and water 163 

balance for forest fire control [40]. The application of 164 

KBDI in the Hawaiian Islands under sub-tropical and 165 

Mediterranean climate conditions shows that it can 166 

represent fire activity in the region. This research 167 

concludes the strong relationship between KBDI and 168 

total burned area in Oahu, Maui and Hawaii islands 169 

[41]. KBDI was also tested on four rain stations in 170 

Malaysia, namely, Kota Bharu Station (Kelantan), 171 

Kuching (Sarawak), Sandakan (Sabah), and Subang 172 

(Selangor). The KBDI scores obtained in these stations 173 

were used to present trends that can be used in forest 174 

fire management in Malaysia that has tropical climate 175 

[42]. The KBDI in Indonesia was also applied to 176 

wetlands in Ogan Komering Ilir, South Sumatra and 177 

lead to more accurate results in predicting fire hazards 178 

in wetland areas by adding water table factor (WTF). 179 

The critical water table to achieve the maximum fire 180 

hazard is 0.85 m for the wetland forest area in the area 181 

[43]. KBDI was also used by the International Forest 182 

Fire Management Project for forest fire control in East 183 

Kalimantan and exhibited more accurate result than the 184 

Nesterov index [44]. Evaluation of the performance of 185 

KBDI under some climatic conditions, ranging from 186 

sub-tropical climate, Mediterranean climate, and 187 

tropical climate, reports that KBDI is a flexible 188 

drought index for almost all climatic conditions and 189 

may represent forest fire control. Therefore, this study 190 

aims to test the behavior of KBDI for peatland 191 

wildfires in Central Kalimantan under tropical climate 192 

conditions affected by the El Niño disaster in 2015. 193 

This El Niño conditions caused significant rainfall 194 

decline in most parts of Indonesia. 195 

2.  KBDI Index and some modification  196 

2.1 KBDI and wildfire risk assessment  197 

KBDI was first introduced to manage forest fire 198 

control under sub-tropical climate. This index 199 

represents the net effect of evapotranspiration and 200 

precipitation on cumulative moisture deficiency in 201 

deep duff or upper soil layers and is related to the 202 

flammability of organic materials in the ground [38]. 203 

KBDI is applied to human activity-caused fire and sub-204 

surface fire. Under sub-tropical climate, the average 205 

annual rainfall R0 is 1270 mm/year, the maximum 206 

temperature (Tm) is 26.7 °C, and the corresponding 207 
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field capacity of available water in the layer (wc) is 203 208 

mm. KBDI is determined using Equation (1). 209 

 210 

𝐾𝐵𝐷𝐼𝑡 = 𝐾𝐵𝐷𝐼𝑡 + 𝐷𝐹𝑡 − 𝑅𝐹𝑡  (1) 211 

 212 

where: 213 

DFt = drought factor (mm) 214 

RFt = rainfall factor (mm) 215 

t = time (day) 216 

 217 

The value of rainfall factor (RFt) is determined by 218 

meteorological data in the form of annual rainfall and 219 

daily rainfall. RFt more than 5.1 mm/day is considered 220 

a reduction in the drought index and determined with 221 

the following equation [38]. 222 

 223 

𝑅𝐹𝑡 =

{
 

 
(𝑅𝑡 − 5.1), 𝑅𝑡 ≥ 5.1

𝑚𝑚

𝑑𝑎𝑦
, 1𝑠𝑡 𝑟𝑎𝑖𝑛𝑦 𝑑𝑎𝑦

𝑅𝑡 , 𝑅𝑡−1 ≥
5.1𝑚𝑚

𝑑𝑎𝑦
, 2𝑛𝑑 𝑎𝑛𝑑 𝑡ℎ𝑒 𝑛𝑒𝑥𝑡 𝑟𝑎𝑖𝑛𝑦 𝑑𝑎𝑦

0,  𝑅𝑡 < 5.1𝑚𝑚/𝑑𝑎𝑦

 (2) 224 

 225 

Drought factor (DFt) was determined based on the 226 

basic theory of soil moisture degradation in the forest 227 

area for fire control by assuming the following: (1) the 228 

field capacity of the organic layer is taken as 203 mm of 229 

water in excess of moisture hold by the layer at the 230 

wilting point; (2) the organic soil layer obtains moisture 231 

from rainfall and loses moisture from 232 

evapotranspiration, and the lowest moisture level is 233 

detected at the wilting point; (3) the rate of 234 

evapotranspiration is a function of meteorological 235 

variables and vegetation density, and (4) the vegetation 236 

density is a function of the mean annual rainfall (Keetch 237 

& Byram, 1968) as follows: 238 

 239 

𝐷𝐹𝑡 = (𝑤𝑐 −𝐾𝐵𝐷𝐼𝑡−1)x
 (𝑎.𝑒(𝑏𝑥𝑇𝑚+1.5552)−𝑐)𝑥10−3

1+10.88.𝑒(−0.001736.𝑅0)
 (3) 240 

 241 

where:  242 

DFt = drought factor (mm) 243 

wc = the corresponding field capacity of available 244 

water in the layer (mm) 245 

KBDIt-1  = moisture deficiency (KBDI at t-1) 246 

Tm = daily maximum air temperature (°C) 247 

t = time increment (day) 248 

R0 = average annual rainfall (mm/year) 249 

a and c = coefficient influenced by the mean annual 250 

rainfall (R0) 251 

b = coefficient influenced by evapotranspiration 252 

 253 

Based on calculations in the Forest Service 254 

Research paper SE-38, the evaporation time for 26.7 255 

°C and the annual rainfall of 1270 mm/year (t26.7;1270) 256 

is 56.41 days; this value is only affected by 257 

temperature. The evaporation time for the temperature 258 

of 26.7 °C and the annual rainfall of ∞ mm/year (t26.7;∞) 259 

is 0.4545.t26.7;1= 25.64 days. The coefficient an in 260 

Equation (3) become 0.968, and the coefficient c 261 

become 8.3 (Keetch & Byram, 1968); thus, Equation 262 

(3) becomes Equation (4). 263 

 264 

𝐷𝐹𝑡 = 
(203−𝐾𝐵𝐷𝐼𝑡−1) (0.968𝑒(0.0875𝑥𝑇𝑚+1.5552)−8.3)𝑥10−3 

1+10.88𝑒(−0.001736𝑥𝑅𝑜)
       (4) 265 

2.2    KBDI index modification in tropical 266 

climate  267 

2.2.1 KBDI index modification in tropical wetland 268 

conditions 269 

Taufik et al. (2015) modified DFt affected by 270 

annual rainfall and evapotranspiration in a tropical 271 

climate through changing the values of the coefficients 272 

a and c in Equation (3) adjusted to the annual rainfall 273 

(R0) in tropical climate. The mean annual rainfall in 274 

tropical climate is 2500 mm [43]. The evaporation time 275 

for the same temperature used by Keetch & Byram 276 

(1968) is 26.7 °C, and the annual rainfall for the 277 

tropical climate of 2500 mm/year (t26.7;2500) is 56.41 278 

days. The evaporation time for 26.7 °C with an annual 279 

rainfall of ∞ mm/year (t26.7,∞) is equal to 280 

0.8831.t26.7;2500= 49.8 days. The coefficient a becomes 281 

0.4982, and the coefficient c becomes 4.268. Equation 282 

(4) becomes Equation (5). 283 

 284 

𝐷𝐹𝑡 = 
(203−𝐾𝐵𝐷𝐼𝑡−1) (0.4982𝑒(𝑏𝑥𝑇𝑚+1.5552)−4.268)𝑥10−3 

1+10.88𝑒(−0.001736𝑥𝑅𝑜)
       (5) 285 

 286 

Taufik et al. (2015) concluded that the loss of 287 

evapotranspiration in tropical climate is higher than 288 

15% relative to that in sub-tropical climate; thus, the 289 

coefficient b in Equation (5) becomes 0.0905 as in 290 

Equation (6). 291 

 292 

𝐷𝐹𝑡 = 
(203−𝐾𝐵𝐷𝐼𝑡−1) (0.4982𝑒(0,0905𝑥𝑇𝑚+1.5552)−4.268)𝑥10−3 

1+10.88𝑒(−0.001736𝑥𝑅𝑜)
   (6) 293 

 294 

2.2.1 KBDI modified under tropical conditions 295 

followed by El Niño 296 

The formula of DFt [Equation (6)] has been 297 

developed to represent the average rainfall conditions 298 

in wildfire risk control for tropical wetland 299 

ecosystems. However, wildfires in tropical forests, 300 

especially those in Indonesia's tropical forests, are also 301 

affected by El Niño phenomenon, which causes 302 

extreme warming to the equatorial Pacific. El Niño 303 

causes severe droughts in Australia, Indonesia, India, 304 

and South Africa, and the amount of rainfall is below 305 

the normal conditions [27]. In 2009, in the Southern 306 

part of Kalimantan shows low precipitation, which 307 

causes peatland drying and easy spread of fires [45]. 308 

Analysis of rainfall from three stations in the study 309 

area indicates that when El Niño happened in 2015, 310 

rainfall decreased by approximately 30% of the annual 311 

average rainfall in tropical climate. The annual rainfall 312 

at the study area was 1600 mm in 2015. The decrease 313 

in rainfall affects the values of the coefficients a and c 314 

on DFt in Equation (6). 315 

In addition to the changes in the coefficients a and 316 

c on DFt, wc was also modified. In the initial equation 317 

of KBDI, the wc value is assumed to be 203 of soil 318 

water available for evapotranspiration and expressed 319 
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in hundredths of a millimeter [38]. The wc value was 320 

on the scale from 0 to 203, where 0 shows no moisture 321 

depletion and 203 indicate the highest depletion [43]. 322 

The wc value is influenced by the depth of the reference 323 

water table. This value was based on a peatland 324 

research in the Netherlands that 400 mm depth of 325 

reference water table to avoid peat subsidence [11]. 326 

Peat dryness correlated with wildfire and reduction of 327 

groundwater level [46]. The Government Regulation 328 

of the Republic of Indonesia No. 71 of 2014 [47] on 329 

peat ecosystem protection and management of clause 330 

23 point 3, that was revised into regulation No. 57 of 331 

2016, stating that peat ecosystem with cultivation 332 

function could be damaging if water table depth is 333 

more than 400 mm below the peat surface [48]. 334 

Based on the average rainfall data of 2015 and 335 

water table data, the evaporation time at 26.7 °C and 336 

the annual rainfall of ∞ mm/year (t26.7; ∞) is 337 

0.6175.t26.7;1600 = 68.6 days for R0 = 65 (1600 mm). 338 

Based on the values the coefficient a become 0.3614 339 

and the coefficient c become 3.1027. The wc value used 340 

is 400 mm, which is according to the criterion of the 341 

water table reference for peat conditions. Equation (6) 342 

becomes Equation (7). 343 

 344 

𝐷𝐹𝑡 = 
(400−𝐾𝐵𝐷𝐼𝑡−1)(0.3614𝑒(0.0905𝑥𝑇𝑚+1.6096)−3.1027)𝑥10−3 

1+10.88𝑒(−0.001736𝑥𝑅𝑜)
 (7) 345 

 346 

The new value of wc causes a change in KBDI 347 

classes. The water table ranges from 0 to 400 mm. The 348 

water table at 400 mm below the surface is considered 349 

to cause the maximum drought index and cause a fire 350 

risk in peat ecosystem. A water table of 0 mm, where 351 

water is on the surface of the land, is expressed as an 352 

ideal peat condition that is always inundated. Based on 353 

the result of the correction of DFt as in Equation (7), 354 

the value of KBDI classes that adjusts to the change of 355 

wc value is corrected. Drought index classes are 356 

divided into four levels as in Table (1). 357 

 358 
Table 1. Drought index classes of KBDI modified for tropical 359 

peatland conditions 360 
KBDI index in tropical peatland 

conditions 

classes 

0 – 200 low 

201-300 moderate 

301-350 high 
>350 extreme 

3. Data 361 

3.1 Description of the study area 362 

The Mega Rice Project of one million hectares of 363 

peatland in Central Kalimantan damaged the tropical 364 

peat forest [49]. The present study was conducted in 365 

Block A, the Ex-Mega Rice Project (EMRP) located in 366 

Mantangai sub-District, Kapuas District, Central 367 

Kalimantan Province (Figure 1). The area undergoes 368 

land clearing, which causes the peatland to become dry 369 

and flammable. Drought index for peat wildfire risk 370 

assessment was evaluated under peat wildfires 371 

conditions in 2015. The largest wildfires occur in 372 

tropical peatlands, one of which is in a tropical 373 

peatland in Indonesia. Peat wildfires also occur in the 374 

EMRP area in Central Kalimantan [50]. The Mega 375 

Rice Project was opened in 1996 until 2009 and caused 376 

400 thousand ha of tropical rainforest to be opened. 377 

EMRP is a program that considerably fails to conserve 378 

peatland in Indonesia [49]. The exploitation of forest 379 

and peatland in EMRP land occurs with the 380 

construction of drainage networks systems [49]. The 381 

drainage network systems divide peat domes, causing 382 

massive damage to peat dome, resulting in its loss of 383 

function as field reservoirs, land subsidence, and 384 

decreased water table [51]. This phenomenon causes 385 

irreversible drying peat, which triggers forest and 386 

peatland wildfires [52]. In addition to decreased water 387 

table, peatland wildfires are due to rainfall reduction 388 

(the number of drying day) due to the El Niño 389 

phenomenon, which usually occurs from September to 390 

October. 391 

 392 

 393 

 394 

 395 

 396 

 397 

 398 

 399 

 400 

 401 

 402 

 403 

 404 

 405 

 406 
Figure 1.a. Study area on Block A of Ex-Mega Rice Project, b. 407 
The conditions of peatland wildfires was found on October 19, 408 
2015, c. post-wildfire conditions in peatlands around canal C, 409 

d. Canal D post-wildfire, and e. Canal E post-wildfire in 410 
November 2015 411 

 412 

Figure (1.a) shows the location of present research 413 

on the Block A of the EMRP in Mantangai sub-414 

District, Kapuas District, Central Kalimantan 415 

Province. The areas studied include C, D, and E canal. 416 

The highest number of fire alert (NFA) was found on 417 

October 19, 2015. The conditions of peatland wildfires 418 

in Kalimantan captured by the Moderate Resolution 419 

Imaging SpectroRadiometer (MODIS) from the 420 

NASA Aqua satellite are presented in Figure 1.b. This 421 

image was taken on October 19, 2015; the red line 422 

indicates a hot spot where the sensors detected 423 

unusually warm surface temperatures associated with 424 

fires, and gray smoke indicates the landfill condition 425 

[53]. Figure 1.c shows some post-wildfires conditions 426 

in the peatland around C canal. Figure 1.d shows post-427 

wildfires around D canal and Figure 1.e shows around 428 

E canal in the Block A of EMRP in Mantangai sub-429 

District on November 2015. 430 

c d e 

b 

a 
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3.2 Data 431 

Rainfall data were recorded near the study area, 432 

such as in Tjilik Riwut, Beringin, and Sanggu Rain 433 

Station (http://dataonline.bmkg.go.id). Rainfall data 434 

were analyzed from 01 January 2015 to 31 December 435 

2015, and the total dry days were 263 days, which are 436 

more than 70% from the total in 2015. The NFA in the 437 

form of hotspots was obtained from 438 

http://fires.globalforestwatch.org by using NASA's 439 

Active Fire Data to determine the possible location of 440 

fires on earth. The system uses NASA MODIS 441 

satellites, which survey the entire earth every 1–2 days. 442 

The sensors on these satellites detect hot marks in 443 

infrared spectral waves. During processing of the 444 

satellite imagery, the algorithm looks for a heat sign 445 

and detects it as a fire sign. The system can indicate 446 

where a fire occurred and can give warning [54].  447 

3.3 Methods 448 

In this study, a modified KBDI was developed for 449 

wildfire risk assessment under tropical peatland 450 

conditions influenced by El Niño; modification to 451 

baseline groundwater conditions for peatland affects 452 

the wc value. The modified index was compared with 453 

KBDI under tropical wetland conditions [43]. The 454 

results of two index modifications were compared 455 

against NFA recorded in peat forest, Block A, 456 

Mantangai Sub-district, Central Kalimantan Province, 457 

on 2015. 458 

4. Results and discussion   459 

4.1 Rainfall Data 460 

Based on observations, rainfall from the three rain 461 

stations is almost uniform, with an average annual 462 

rainfall of 1600 mm (R0 = 65 in). This rainfall value is 463 

below the average annual rainfall of areas with tropical 464 

climate. The mean annual rainfall under tropical 465 

climate ranges from 2000 nm to 3000 mm [43]. The 466 

decrease in rainfall is caused by El Niño in Indonesia. 467 

The average monthly rainfall at the three stations in the 468 

study site is the highest (134 mm) on November 2015. 469 

The net rainfall or rainfall factor (RF) is calculated 470 

with Equation (2) to determine the number of drying 471 

days (Figure 2). Drying day conditions in July as much 472 

as 30 days, 28 days in August, 30 days in September 473 

and 27 days in October 2015. 474 

4.2 Number of fire alerts data 475 

NFA data during 2015 in Mantangai, Central 476 

Kalimantan is shown in Figure 2. On that year, the 477 

NFA reaches as many as 30,121 events in Central 478 

Kalimantan Province and 3,544 events in Mantangai 479 

sub District. The NFA event in Mantangai is 3525 480 

events from July to November 2015, as much 12.1% 481 

from 29171 events in Central Kalimantan. NFA began 482 

to increase from July to November 2015, and the 483 

largest number of NFA on October 2015 is as many as 484 

1741 events in Mantangai. These data show that the 485 

number of hotspots in October represents half of the 486 

NFA over the year 2015. 487 

 488 
Figure 2. Net rainfall/rainfall factor (RFt) and number of fire 489 

alerts (NFA) in 2015 490 

4.3 Keetch-Byram Drought Index (KBDI) 491 

analysis 492 

Based on the results of the analysis using DFt under 493 

tropical wetland conditions [43] and under tropical 494 

peatland conditions influenced by El Niño 495 

phenomenon, the change in the wc value is shown in 496 

Figure 3. 497 

 498 
Figure 3. Comparison of KBDI tropical wetland conditions 499 

and modified KBDI of tropical peatland conditions influenced 500 
by El Niño phenomenon 501 

 502 

The KBDI level with DFt formula under tropical 503 

wetland conditions of low-drought index level was 222 504 

data, the medium drought index was 43 data, the high 505 

drought index as much as 65 data, and the extreme 506 

drought index was 35 data. In the calculation of KBDI 507 

with modified DFt formula under tropical peatland 508 

conditions, which was influenced by El Niño 509 

phenomenon, the extreme drought conditions increase 510 

to 51 occurrences, which started in September until 511 

November 2015. The extreme conditions are presented 512 

in Table 2. 513 

 514 

 515 

 516 

Table 2. Extreme drought level conditions 517 

  July August Sept Oct Nov 
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KBDI tropical 

wetland 

conditions  

High 13 16 10 18 8 

Extreme 0 0 20 13 2 

KBDI 

modified in 

tropical 

peatland 

conditions due 

to El Niño 

High 13 27 11 6 3 

Extreme 0 0 19 25 7 

Number of 

Fire Alerts 

(NFA) 

event 19 488 1272 1746 10 

 518 

Based on the 30% reduction in rainfall occurring at 519 

the study area in 2015 due to El Niño and the change 520 

in wc caused by groundwater table change, the extreme 521 

drought index increased. In calculating KBDI with DFt 522 

formula under tropical wetland conditions and tropical 523 

peatland conditions, extreme drought levels began to 524 

occur in early September 2015. KBDI response with a 525 

formula under tropical wetland conditions with KBDI 526 

with DFt under tropical peatland conditions was 527 

affected by El Niño against fire risk assessment 528 

represented by some fire points (NFA). The 529 

association of KBDI with DFt formula under tropical 530 

wetland conditions and the DFt formula correction of 531 

tropical climate affected by El Niño compared with 532 

NFA in the study area is shown in Figure 4. 533 

 534 
Figure 4. KBDI modification in tropical climate with NFA 535 

events in dry months (July to November 2015) 536 

 537 

Figure 4 shows the high to the extreme drought 538 

index from the beginning of July to November 2015, 539 

representing the occurrence of a starting point of fire 540 

beginning in July 2015 from KBDI modification under 541 

tropical wetland conditions and tropical peatland 542 

conditions. 543 

1. Index response with DFt formula under tropical 544 

wetland conditions 545 

Based on the analysis of KBDI with DFt formula on 546 

tropical wetland conditions, no extreme drought 547 

occurred at the beginning of July and August. 548 

Extreme drought indices occurred in September 549 

2015 as many as 20 events, October 2015 as many 550 

as 13 events, and November 2015 as much as two 551 

events. Based on NFA data recorded in July, the 552 

study site has 19 hotspots, followed in August 2015 553 

(488 hotspots) and September 2015 (1272 554 

hotspots); most events as many as 1746 hotspots 555 

occurred in October. The highest level of extreme 556 

index occurred in September 2015 is not equal to 557 

the highest NFA on October 2015. 558 

2. KBDI responds with corrected DFt under tropical 559 

peatland conditions  560 

In the corrected DFt formula for tropical peatland 561 

conditions affected by El Niño with rainfall 562 

reduction of 30% with R0 = 1600 mm and 563 

groundwater level 400 mm, high to extreme 564 

drought level was obtained starting from September 565 

to November 2015 as much as 51 indices. The 566 

results are extreme drought index of 19 events in 567 

September, 25 events in October, and seven events 568 

in November 2015. This finding is consistent with 569 

the presence of NFA data, where the starting point 570 

of fire in July to the highest fire spots in October 571 

2015 as many as 1746 hot spots. Those hot spot 572 

conditions in October 2015 are represented by 573 

extreme drought conditions that covers 25 days of 574 

the month. 575 

4.4 Discussion 576 

Based on KBDI analysis in 2015 between corrected 577 

DFt modification under tropical wetland conditions 578 

and tropical peatland conditions compared with the 579 

number of fire alerts in Mantangai sub-District, the 580 

results show that: 581 

1. The faster response of KBDI modification index 582 

under tropical peatland conditions adequately 583 

represents real fire risk assessment recorded in 584 

2015. KBDI modification under tropical peatland 585 

conditions increases from the high index level to 586 

the extreme index level at the value of 375 and 587 

continues to rise to the maximum value of 400 588 

starting on September 12, 2015, representing NFAs 589 

of as much as 20 events that day. KBDI 590 

modification under tropical wetland conditions 591 

increases from high index level to extreme index 592 

level on September 11, 2015, with only represented 593 

by 1 NFA data. That extreme level of KBDI 594 

modification under tropical peatland conditions 595 

could potentially trigger wildfires in peatland. 596 

2. In October 2015, the NFA events in Mantangai are 597 

as many as 1746 events with the KBDI 598 

modification under tropical peatland conditions 599 

shown by 25 extreme indices while in KBDI 600 

wetland modification only indicated by 13 extreme 601 

indices. 602 

3. According to the modified DFt under tropical 603 

peatland conditions, the estimated fire danger is 604 

higher than 16 indices in September to November 605 

2015 in the study area with the corrected water table 606 

into 400 mm. 607 

Modified KBDI under tropical peatland conditions 608 

seems to perform better in wildfire risk assessment of 609 

the peatland during El Niño in 2015 compared with 610 

other empirical KBDI parameters. The results are 611 

accordance with those of previous Kalimantan Forests 612 

and Climate Partnership (KFCP) observations. Based 613 

on a study of KFCP from 2004 to 2013 in the study 614 

area, daily wildfires indicated fire at the same location 615 
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and month. Fires occur in late July to early November. 616 

The peak of the fire occurred in September [55]. 617 

Previous research on the smoke hazard posed by forest 618 

wildfires from 2001 to 2010 showed a large landfill 619 

trend occurring from mid-August to end of October 620 

[56]. Thus, by consideration the drought index formula 621 

under tropical peatland conditions have several general 622 

principles about the use of any empirical drought 623 

indices are: 624 

1. The KBDI formula should be based on the net 625 

rainfall factor set by the R threshold. This threshold 626 

for tropical conditions still uses the same threshold 627 

in the previous KBDI formula defined under sub-628 

tropical conditions. 629 

2. Peatland wildfires are not just caused by 630 

meteorological conditions but also by many 631 

internal factors in the soil, such as peat 632 

decomposition, physical properties, water holding 633 

capacity, and capillarity rise. 634 

3. Peatland wildfires are also affected by peatland 635 

unwise management, similar to building drain canal 636 

in the peat dome that changes water table. 637 

5. Conclusion 638 

 639 

KBDI modification by correcting DFt formula 640 

against the referenced water table level for peatland 641 

and influenced by rainfall reduction due to the El Niño 642 

phenomenon can represent NFA in peatland. The 643 

analysis results show the behavior of the KBDI of 644 

drought correction (DFt) under tropical peatland 645 

conditions already represented by some drying days 646 

dominant occurring from July to October 2015. The 647 

extreme index increasing from 375 to reach a 648 

maximum value of drought index of 400 occurred from 649 

September to October 2015 become the indication of 650 

peatland wildfires risk assessment. 25 days extreme 651 

index from 27 drying days in October 2015 that 652 

represented as many as 1746 hotspots of peatland 653 

wildfires occurred in the research area. It indicates that 654 

formula modification is suitable for this condition. 655 

Finally, based on this research, the modified DFt can 656 

be applied to El Niño phenomenon and other water 657 

table reference under different land conditions. In 658 

addition to meteorological and water table factors that 659 

affect drought management in peatland, several 660 

supporting factors must be considered, such as peat 661 

decomposition, physical characteristics, water holding 662 

capacity, and capillarity rise. The lower physical 663 

properties of peatland lead to larger wildfires with the 664 

same number of drying days. 665 

Acknowledgments 666 

This study was completed with partial funding Penelitian Dasar 667 
Unggulan Perguruan Tinggi (PDUPT) from the DRPM Ditjen 668 
Penguatan Riset dan Pengembangan, Ministry of Research, 669 
Technology, and High Education – the Republic of Indonesia 670 
through LPPM Universitas Gadjah Mada.  671 
 672 

REFERENCES 673 
 674 

[1]  C. E. Stockwell, T. Jayarathne, M. A. Cochrane, K. C. Ryan, E. I. 

Putra, B. H. Saharjo, A. D. Nurhayati, I. Albar, D. R. Blake, I. J. 

Simpson, E. A. Stone and R. J. Yokelson, "Field measurements 

of trace gases and aerosols emitted by peat fires in Central 

Kalimantan, Indonesia, during the 2015 El Niño," Atmospheric 

Chemistry and Physics, vol. 16, pp. 11711 - 11732, 2016.  

[2]  S. E. Page, F. Siegert, J. O. Rieley, H. D. V. Boehm, A. Jaya and 

S. Limin, "The amount of carbon released from peat and forest 

fires in Indonesia during 1997," Nature Publishing Group, vol. 

420, pp. 61 - 65, 2002.  

[3]  W. C. Adinugroho, I. N. N. Suryadiputra, B. H. Saharjo and L. 

Siboro, Panduan Pengendalian Kebakaran Hutan dan Lahan 

Gambut, Bogor, Indonesia: Wetlands International – IP, 2004.  

[4]  H. Hayasaka, "Recent Large-Scale Fires in Boreal and Tropical 

Forests," J. Disaster Res, vol. 2, no. 4, pp. 265 - 275, 2007.  

[5]  S. R. Wahyunto, Suparto and H. Subagjo, Sebaran Gambut dan 

Kandungan Karbon di Sumatera dan Kalimantan, Bogor, 

Indonesia: Proyek Climate Change, Forests and Peatlands in 

Indonesia-Wetlands International – Indonesia Programme dan 

Wildlife Habitat Canada, 2005.  

[6]  S. Ritung, Wahyunto, K. Nugroho, Sukarman, Hikmatullah, 

Suparto and C. Tafakresnanto, Peta Lahan Gambut Indonesia, 

Bogor: Balai Besar Penelitian dan Pengembangan Sumberdaya 

Lahan Pertanian, 2011.  

[7]  H. Vasander, "Overview of types of peatland," in Towards 

climate-responsible peatlands management, Rome, Food and 

Agriculture Organization of the United Nation (FAO), 2014, pp. 

15 - 18. 

[8]  S. W. Atmojo, Pengelolaan Lahan Gambut, Solo, Indonesia: UNS 

Press, 2014.  

[9]  S. Najiyati, L. Muslihat and I. N. N. Suryadiputra, Panduan 

Pengelolaan Lahan Gambut untuk Pertanian Berkelanjutan, 

Indonesia: Wetlands International - IP, 2005.  

[10

]  

I. T. C. Wibisono, L. Siboro and I. N. N. Suryadiputra, Panduan 

Rehabilitasi dan Teknik Silvikultur di Lahan Gambut, Bogor, 

Indonesia: Wetlands International - IP, 2005.  

[11

]  

J. Andriesse, Nature and Management of Tropical Peat Soils, 

Rome: FAO Soils Bulletins 59. Soil Resources, Management and 

Conservation Service FAO Land and Water Development 

Division. Food and Agriculture Organization of the United 

Nations, 1988.  

[12

]  

N. Yulianti and H. Hayasaka, "Recent Active Fires under El Niño 

Conditions in Kalimantan, Indonesia," American Journal of Plant 

Sciences, pp. 685 - 696, 2013.  

[13

]  

S. Page and A. Hooijer, "Environmental impacts and 

consequences of utilization peatlands," in Towards Climate-

responsible peatlands management, R. Biancalani and A. 

Avagyan, Eds., Rome, Food and Agriculture Organization of the 

United Nations (FAO), 2014, pp. 27 - 35. 

[14

]  

P. Sofan, Y. Vetrita, F. Yulianto and M. R. Khomarudin, "Multi-

temporal remote sensing data and spectral indices analysis for 

detection tropical rainforest degradation: case study in Kapuas 

Hulu and Sintang districts, West Kalimantan Indonesia," Natural 

Hazard, vol. 80, p. 1279–1301, 2016.  

[15

]  

K. Becek and A. B. Horwath, "Is vegetation collapse on Borneo 

already in progress?," Natural Hazard, vol. 85, pp. 1279 - 1290, 

2017.  

[16

]  

H. Herawati and H. Santoso, "Tropical forest susceptibility to and 

risk of fire under changing climate: A review of fire nature, policy 

and institutions in Indonesia," Forest Policy and Economics, pp. 

227 - 233, 2011.  

[17

]  

A. C. Watts and L. N. Kobziar, "Smoldering Combustion and 

Ground Fires: Ecological Effects and Multi-Scale Significance," 

Fire Ecology, vol. 9, pp. 124 - 132, 2013.  

[18

]  

A. Sandhyavitri, R. Amri and D. Fermana, "Development of 

Underground Peat Fire Detections," Indonesia, 2016.  

[19

]  

X. Huang, F. Restuccia, M. Gramola and G. Rein, "Experimental 

study of the formation and collapse of an overhang in the lateral 

spread of smouldering peat fires," Combustion and Flame, vol. 

168, p. 393–402, 2016.  



Drought Index for Peatland Wildfires Management in Central Kalimantan, Indonesia, El Niño Phenomenon 

 

 

Journal of Disaster Research  submitted 

 
 

8 

[20

]  

G. Rein, N. Cleaver, C. Ashton, P. Pironi and J. L. Torero, "The 

severity of smouldering peat fires and damage to the forest soil," 

Catera, vol. 74, pp. 304-309, 2008.  

[21

]  

M. G. L. Van Nieuwstadt and D. Sheil, "Drought, fire and tree 

survival in a Borneo rainforest, East Kalimantan, Indonesia," 

Journal of Ecology, vol. 93, pp. 191 - 201, 2005.  

[22

]  

S. Martin, M. Rodriguez, J. M. Moreno and D. G. Angeler, 

"Complex Ecological Responses to Drought and Fire-Retardant 

Contamination Impacts in Ephemeral Waters," Water Air Soil 

Pollut, vol. 225, pp. 1 - 13, 2014.  

[23

]  

M. Solh and M. van Ginkel, "Drought preparedness and drought 

mitigation in the developing world's drylands," Weather and 

Climate Extremes, vol. 3, pp. 62 - 66, 2014.  

[24

]  

R. S. Pulwarty and M. V. Sivakumar, "Information system in a 

changing climate: Early warnings and drought risk management," 

Weather and Climate Extremes, vol. 3, pp. 14 - 21, 2014.  

[25

]  

M. L. Khandekar, T. S. Murty, D. Scott and W. Baird, "The 1997 

El Niño, Indonesian Forest Fires and the Malaysian Smoke 

Problem: A Deadly Combination of Natural and Man-Made 

Hazard," Natural Hazard, vol. 131–144, p. 21, 2000.  

[26

]  

R. D. Field, Y. Wang, O. Roswintiarti and Guswanto, "A drought-

based predictor of recent haze events in western Indonesia," E. A. 

International - Asia. Atmospheric Environment, vol. 38, pp. 1869 

- 1878, 2004.  

[27

]  

M. Pidwirny, "El Niño, La Niña and the Southern Oscillation. 

Fundamentals of Physical Geography, 2nd Edition," 2006. 

[Online]. Available: 

http://www.physicalgeography.net/fundamentals/7z.html. 

[Accessed 19 10 2015]. 

[28

]  

N. Wanders, H. A. J. van Lanen and A. F. van Loon, "Indicators 

For drought characterization on a global scale," Technical Report 

No. 24. Hydrology and Quantitative Water Management Group 

(WUR). Wageningen University, Wageningen, 2010. 

[29

]  

A. Hasegawa, M. Gusyev and Y. Iwami, "Meteorological 

Drought and Flood Assesment Using the Comparative SPI 

Approach in Asia Under Climate change," J. Disaster Res, vol. 

11, no. 6, pp. 1082 - 1090, 2016.  

[30

]  

D. A. Wilhite and M. D. Svaboda, "Drought Early Warning 

Systems in the Context of Drought Preparedness and Mitigation," 

National Drought Mitigation Center, Lincoln, Nebraska U.S.A, 

2000. 

[31

]  

R. R. Heim, "A review of Twentieth-Century drought indices 

used in the United States," Bulletin of the American 

Meteorological Society, vol. 83, p. 1149 – 1165, 2002.  

[32

]  

H.-R. Byun and D. A. Wilhite, "Objective quantification of 

drought severity and duration," Bulletin of the American 

Meteorological Society, vol. 12, p. 2747 – 2756, 1999.  

[33

]  

D. X. Viegas, G. Bovio, A. Ferreira, A. Nosenzo and B. Sol, 

"Comparative study of various methods of fire danger evaluation 

in southern Europe," International Journal of Wildland Fire, vol. 

9, pp. 235-246, 1999.  

[34

]  

P. Y. Groisman, R. W. Knight, D. R. Easterling, D. H. Levinson, 

R. R. Heim, T. R. Karl, P. H. whitfield, G. C. Hegerl, V. N. 

Razuavaev, B. G. Sherstyukov, J. G. Enloe and N. S. 

Stroumentova, "Changes in Precipitation Distribution Spectra and 

Contemporary Warming of the Extratropics: Implications for 

Intense Rainfall, Droughts, and Potential Forest Fire Danger," 

San Diago, 2005.  

[35

]  

C. Willis, B. van Wilgen, K. Tolhurst, C. Everson, P. D'Abreton, 

L. Pero and G. Fleming, The development of a national fire 

danger rating system for South Africa, Pretoria: Departement of 
water affairs and forestry, 2001.  

[36

]  

J. Skvarenina, J. Mindas, J. Holecy and a. Tucek, "Analysis of the 

natural and meteorological conditions during two largest forest 

fire events in the Slovak Paradise National Park," Athens, Greece, 

2003.  

[37

]  

A. J. Dowdy, G. A. Mills, K. Finkele and W. de Groot, 

"Australian fire weather as represented by the McArthur Forest 

Fire Danger Index and the Canadian Forest Fire Weather Index," 

CAWCR Technical Report No. 10, Australia, 2009. 

[38

]  

J. J. Keetch and G. M. Byram, "A drought index for forest fire 

control," U.S. D. A Forest Service Research paper SE - 38, vol. 

38, pp. 1 - 31, 1968.  

[39

]  

G. Petros, M. Antonius and T. Marianthi, "Development of an 

adapted empirical drought index to the Mediterranean conditions 

for use in forestry," Agricultural and Forest Meteorology, vol. 

151, p. 241–250, 2011.  

[40

]  

A. G. Prats, D. C. Antonio, T. Fernandes J. G and A. Molina J., 

"Development of a Keetch and Byram—Based drought index 

sensitive to forest management in Mediterranean conditions," 

Agricultural and Forest Meteorology, vol. 205, pp. 40 - 50, 2015.  

[41

]  

K. Dolling, P.-S. Chu and F. Fujioka, "A Climatological Study of 

Keetch/Byram Drought Index and Fire Activity in the Hawaiian 

Islands," Agricultural and Forest Meteorology, vol. 133, pp. 17 - 

27, 2005.  

[42

]  

N. A. Ainuddin and J. Ampun, "Temporal Analysis of the Keetch-

Byram Drought Index in Malaysia: Implications for Forest Fire 

Management," Journal of Applied Sciences, vol. 21, pp. 3991 - 

3994, 2008.  

[43

]  

M. Taufik, B. I. Setiawan and H. A. J. Van Lanen, "Modification 

of a Fire Drought Index for Tropical Wetland Ecosystems by 

Including Water Table Depth," Agricultural and Forest 

Meteorology, vol. 203, p. 1 – 10, 2015.  

[44

]  

G. Buchholz and D. Weidemann, "The Used of Simple Fire 

Danger Rating System as a Tool for Early Warning in Forestry," 

IFFN, Samarinda, Indonesia, 2000. 

[45

]  

K. Kaku and A. Held, "International Journal of Disaster Risk 

Reduction," Sentinel Asia: A space-based disaster management 

support system in the Asia - Pacific region, vol. 6, pp. 1 - 17, 2013.  

[46

]  

E. I. Putra, H. Hayasaka, H. Takahashi and A. Usup, "Recent Peat 

Fire Activity in the Mega Rice Project Area, Central Kalimantan, 

Indonesia," J. Disaster Res, vol. 3, no. 5, pp. 334 - 341, 2008.  

[47

]  

P. P. R. PP No 71, "Perlindungan dan Pengelolaan Ekosistem 

Gambut," Pemerintah Republik Indonesia, Jakarta, 2014. 

[48

]  

P. P. R. PP No 57, "Perlindungan dan Pengelolaan Ekosistem 

Gambut," Pemerintah Republik Indonesia, Jakarta, 2016. 

[49

]  

T. Notohadiprawiro, "Mega-Project of Central Kalimantan 

Wetland Development for Food Crop Production, Belief and 

Truth," Jyvaskyla, 1998.  

[50

]  

H. Hayasaka, I. Noguchi, E. I. Putra, N. Yulianti and K. Vadrevu, 

"Peat-fire-related air pollution in Central Kalimantan, Indonesia," 

Environmental Pollution, vol. 195, pp. 257 - 266, 2014.  

[51

]  

N. Novitasari, J. Sujono, S. Harto, A. Maas and R. Jayadi, 

"Restoration of Peat Dome in Ex-Mega Rice Project Area in 

Central Kalimantan," in Human-Dedicated Sustainable Product 

and Process Design: Material, Resources, and Energy: 

Proceedings of the 4th ICETIA 2017, Surakarta, Indonesia, 2018.  

[52

]  

I. N. N. Suryadiputra, A. Dohong, R. S. B. Waspodo, L. Muslihat, 

I. R. Lubis, F. Hasudungan and I. T. C. Wibisono, Panduan 

Penyekatan Parit dan Saluran di Lahan Gambut Bersama 

Masyarakat, Bogor, Indonesia: Wetlands International - IP, 2005.  

[53

]  

J. Schmaltz and A. Voiland, "Earth Observatory," 2015. [Online]. 

Available: 

https://earthobservatory.nasa.gov/NaturalHazards/view.php?id=

86847. [Accessed 21 October 2016]. 

[54

]  

D. Morton, R. DeFries, J. T. Randerson, L. Giglio, W. Schroeder 

and G. Van der Werf, "Agricultural intensification increases 

deforestation fire activity in Amazonia," Global Change Biology, 

vol. 14, pp. 2262-2276, 2008.  

[55

]  

KFCP, "Album Peta Rencana Pola Tata Guna Lahan Desa Sei 

Ahas," Kalimantan Forests and Climate Partnership (KFCP), 
Palangkaraya, 2014. 

[56

]  

H. Hayasaka, I. Noguchi, E. I. Putra, N. Yulianti and K. Vadrevu, 

"Peat Fire Related Air Pollution in Central Kalimantan, 

Indonesia," Environmental Pollution, vol. 195, pp. 257 - 266, 

2014.  

[57

]  

W. C. Palmer, "Meteorological drought, research paper No. 45," 

Departement of Commerce, Washington D. C., 1965. 

 675 
 676 



Journal of Disaster Research (JDR) Review form 

 

Title of paper :    Drought Index for Peatland Wildfire Management in Central 

Kalimantan, Indonesia during El Niño Phenomenon                                                                 

Authors:   Novitasari Novitasari*1, Joko Sujono*1,†, Sri Harto*1, Azwar Maas*2, and 

Rachmad Jayadi                                                                        

 

Recommendations 

            ACCEPT provided that all typographic errors and minor recommendations 

are corrected in the final draft. 

 

   X        CONDITIONALLY ACCEPT provided that minor revisions are made as 

indicated in the “Comments to Authors” on the next page. 

 

            REVISE AND RESUBMIT “Comments to Authors” on the next page. 

 

            REJECT THE PAPER (R) (Future submissions of this work to the Journal 

will be treated as substantially new papers. Depending on circumstances, the editors 

may choose to include previous reviews of the rejected paper in any subsequent review 

of revised versions.) 

 

 

COMMENTS TO AUTHORS (Please use additional sheet if necessary) 

 

Major comments: 

 

Comment #1: 

The repetitive text in Introduction, KBDI Index and some modifications, and Data 

sections in Lines 66-98, 154-196, 297-315, and 363-391 have similar information. The 

essential information should be greatly condensed to 1-2 sentences or moved to the 

discussion section. However, the introduction of various drought types is rather limited, 

see Line 114-127, and should be expanded especially in relation to groundwater levels. 

The authors should describe their drought using commonly drought terminology in 

peer-reviewed literature when referring to investigated drought types: meteorological 

(lack of precipitation), agricultural (lack of soil moisture), hydrological (lack of river 

discharge and dam inflows) and socio-economic (lack of water supply to meet water 



demand) (Gusyev et al., 2015, 2016), which should be included. In addition, the authors 

could include WMO (2012; 2016) about various existing and new drought indices in 

Lines 128-153. 

 

Comment #2: 

The current structure of the manuscript has repetitive equations and text. Equation (1) 

is repeated by Equations (4)-(7), which have different coefficients of wc, a and b and 

should be removed. Instead, these coefficients should be given in new Table including 

computed evaporation time, t26.7, with annual rainfall values. Instead, the authors 

should add the formula of computing evaporation time. Therefore, I suggest to remove 

equations (4)-(7) by introducing values of coefficients in a new Table. 

 

References: 

Gusyev M.A., Hasegawa A., Magome J., Sanchez P., Sugiura A., Umino, H., Sawano H. 

and Y. Tokunaga (2016). Evaluation of water cycle components with standardized 

indices under climate change in the Pampanga, Solo and Chao Phraya basins. Journal 

of Disaster Research 11(6): 1091-1102, doi: 10.20965/jdr.2016.p1091 

Gusyev M.A., Hasegawa A., Magome J., Kuribayashi D. and H. Sawano (2015). Drought 

assessment in the Pampanga River basin, the Philippines - Part 1: Characterizing a role 

of dams in historical droughts with standardized indices. In Weber, T., McPhee, M.J. 

and Anderssen, R.S. (eds) MODSIM2015, 21st International Congress on Modelling and 

Simulation. Modelling and Simulation Society of Australia and New Zealand, December 

2015: 1586-1592 pp. ISBN: 978-0-9872143-5-5. 

World Meteorological Organization (WMO) (2012). Standardized Precipitation Index 

User Guide (M. Svoboda, M. Hayes, and D. Wood). WMO-No. 1090, Geneva. 

World Meteorological Organization (WMO) (2016). Handbook of Drought Indicators and 

Indices. WMO-No. 1173, Geneva, 52 p. 

 

 

 

Minor comments: 

 

Line 40: Please clarify “other water table reference”? 

 

Line 106: delete “Singapore”, which is not a country. 

 



Lines 87-88: Do you fire? Smoke does not cause the loss of lifes and property. 

 

Lines 114-127: see my major comment #1 to include all drought definitions. 

 

Line 131: change “its impact” to “its impacts” 

 

Line 134: Did you mean aridity index by Thornthwaite (1948)? Please include WMO 

(2012; 2017) references, see my comment #1. 

 

Line 189: since it is now use, please remove the “WTF” acronym. 

 

Ling 212 Equation 1: “ KBDIt = KBDIt +“ should be “KBDIt = KBDIt-1 + “ 

 

Line 238: Incorrect replace style and change to “[38]” 

 

Line 255: Add reference [38]. 

 

Line 260: Remove “n” in “coefficient an” 

 

Line 262: Incorrect style and change to “[38]” 

 

Line 270: Incorrect style and change to “[43]” 

 

Line 276: Incorrect style and change to “[38]” 

 

Line 287: Incorrect style and change to “[43]” 

 

Line 361: Re-name “Data” to “Study area and Data” Section 

 

Line 362: Remove sub-section title. 

 

Lines 392-411, Figure 1. Could you enlarge insets? It is very difficult to see details of 

canals. 

 

Line 431: Remove sub-section title. 

 



Line 448: Move “Methods” sub-section to “Methods” section. 

 

Figure 2 & 3: This figures should be merged giving the same time-scale. Legends should 

be placed within figure 

 

Line 673: References formatting is shifted and needs to be fixed to []. 
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COMMENTS TO AUTHORS (Please use additional sheet if necessary) 

 

Thank you for the paper discussing on KBDI and NFA relationships for mainly 2015. 

My comment is as follows. 

It is better to re-structure your paper. For example, you use 3. Data, 3.2 Data, 4.1 Rainfall Data, 4.2 

Number of fire alerts data even the chapter 4 is Results and discussion.  

Figure 2 and 3 ; Because we can know these figures for 2015, write horizontal axis simply. 

Figure 3 and 4 ; Show vertical gridlines indicating months. 

L207, 338 and 463 R0 -> R0 

L212 check equation (1). 

L225 write as “5.1 mm/day” 

L240 replace x with space,   a. -> a  and -0.001736.-> -0.001736 

L260 coefficient an -> coefficient a 

L265,285,293 and 345 KBDIt-1   ->  KBDIt-1   replace x with space 



L338 and 463 You wrote “R0 =65” inches while you defined R0 in mm/year in line 249. 

L392-406 These pictures are very small and readers don’t find what you want to show. 

L421-426 “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]” looks to show the explanation of Figure 1.b. But I cannot find “red line” 

in Figure 1.b. 

L461-463 You showed “annual rainfall of 1600 mm”. You discussed on the drought from September 

to November using 1600mm which include rainfall occurred after drought. Is it better take annual 

rainfall before dry season such as Oct to Sep? 

L488 Show legend more clearly. Readers cannot distinguish them.  

L587-588 You wrote “the extreme index level at the value of 375 and continues to rise to the 

maximum value of 400 starting on September 12, 2015 ”, but I cannot find 375 and 400 in Figure 3 

and 4. Could you explain more about it. 

L563 R0 -> R0 

L564-566 “high to extreme drought level was obtained starting from September to November 2015 as 

much as 51 indices” -> “extreme drought level was obtained starting from September to November 

2015 as much as 51 indices” 

L632-634 Could you explain from which you derived this knowledge. 

 

Result and discussion ; Your analysis based on number of monthly events while you have daily base 

data. If you analyze in daily or weekly base, you may get more detail result. 
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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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In Line 235, the authors statement about time increment is incorrect and equation (4) 



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 
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authors’ calculation in Lines 246-247, 255-256 and 319-321 are incorrect. 

 

Minor comments: 

 

Line 27: Replace “in” by “from” 

Line 28: Add replace “extreme” by “extreme values of” 

Line 34: Replace “fire” by “fire alerts” 

Line 46: Rewrite “in Indonesia in 2015 is” by “of 2015 in Indonesia has been”  

Line 48: Clarify “trace gases” 

Lines 63-34: Remove the sentence “Organic materials …” 

Line 70: Replace “and more” by “making it” 

Lines 78-79: Remove sentence “The water table …” 

Line 98: Replace “Drought” by “Natural drought” 
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Line 346: Rename “Study area and Data” by “Study area and Methods” 
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number of fire alert”. 

Line 529: Add “Two 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 is not a discussion and is redundant. 
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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 R0, while your definition of R0 is average annual rainfall (mm/year)? 

L202, You use Rt without definition. 

L217 replace period which showing multiplication with space or multiplication sign. 

L237 equation (4) is for T in Fahrenheit.  

L242 replace x with space or multiplication sign.  

L242 equation (5) is for rainfall in inches. 

L250-255 You wrote “tropical annual rainfall (R0) as 2500 mm/year” but equation in L255 is the result 



using 100 inches(2540 mm).  

L252 203 -> 203 mm 

L299 203 -> 203 mm 

L301 in hundredths of a millimeter -> in millimeter 

L316 What do you mean with “two”? 

L327 and 330 Nino -> Niño 

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. 

L584-586 In this paper, you show just the relationship between KBDI modification and wildfires but 

not cause and effect. 

L39-41 You show just a good relationship in 2015. You’d better write after checking another El Niño 

years. 
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wilting point; (2) the organic soil layer obtains moisture 205 

from rainfall and loses moisture from evapotranspiration, 206 

and the lowest moisture level is detected at the wilting 207 

point; (3) the rate of evapotranspiration is a function of 208 

meteorological variables and vegetation density, and (4) 209 

the vegetation density is a function of the mean annual 210 

rainfall  [43]. The Basic formula of DFt from Equation 211 

(18) of [43] is modified in Equation (4) of [37], and be 212 

re-written in a, b, and c coefficients in Equation (10) of 213 

[45] as follows: 214 

 215 

𝐷𝐹𝑡 = (𝑤𝑐 − 𝐾𝐵𝐷𝐼𝑡−1)
 (𝑎𝑒(𝑏 𝑇𝑚+1.5552)−𝑐) 10−3

1+10.88 𝑒(−0.001736 𝑅0)
 (3) 216 

 217 

where:  218 

DFt = drought factor (mm) 219 

wc = the corresponding field capacity of 220 

available water in the layer (mm) 221 

KBDIt-1  = moisture deficiency (KBDI at t-1) 222 

Tm = daily maximum air temperature (°C) 223 

t = time increment (day) 224 

R0 = average annual rainfall (mm) 225 

a and c = coefficient influenced by the mean annual 226 

rainfall (R0) 227 

b = coefficient influenced by evapotranspiration 228 

 229 

Under sub-tropical climate, the average annual 230 

rainfall R0 is 1270 mm, the maximum temperature (Tm) 231 

is 26.67 °C, and the corresponding field capacity of 232 

available water in the layer (wc) is 203 mm [43]. 233 

Equation (13) of [43] gives t26.67; R0  = 56.41 days. If R 234 

= ∞ and R0 = 270 mm for sub tropical climate,  235 

Equation (16) of [43] gives t26.67, ∞ = 0.4545 t26.67; 1270 236 

= 25.64 days. 237 

Reference [37] modified the drought-factor formula 238 

(DFt) affected by tropical annual rainfall (R0) as 2540 239 

mm, wc, and temperature used the same as [43] is 240 

26.670C. wc is 203 mm. Reference [37] adjustment the 241 

constants t26.67, ∞ for tropical wetland climate as  t26.67, 242 

∞  = 0.8831 t26.67; 2540 = 49.87 days. 243 

The coefficient a, b, and c for the subtropical 244 

condition [43] and tropical condition [37] can be seen 245 

in Table 1. 246 

 247 
Table 1. Climate variables and the coefficient drought factor 248 

Variable Subtropical Tropical 

Tm (0C) 26.67 26.67 

R0 (mm) 1270 2540 

a 0.9667 0.4982 

b 0.0875 0.0875 

c 8.30 4.27 

wc 203 203 

 249 

2.2 KBDI index modification in the tropical 250 

climate  251 

2.2.1 KBDI index modification in tropical wetland  252 

Reference [37] modified DFt affected not only by 253 

annual rainfall and evapotranspiration in a tropical 254 

climate through changing the values of the coefficients 255 

a and c. It concluded that the loss of evapotranspiration 256 

in the tropical climate is higher than 15% relative to 257 

that in the sub-tropical climate; thus, the coefficient b 258 

in Table 2 become 0.0905 [37]. These coefficients used 259 

as modification one in tropical wetland condition in 260 

this paper. 261 

 262 

2.2.1 KBDI modified under tropical peatland 263 

followed by El Niño 264 

The formula of DFt [Equation (3)] has been 265 

developed to represent the average rainfall conditions 266 

in wildfire risk control for tropical wetland ecosystems. 267 

However, wildfires in tropical forests, especially those 268 

in Indonesia's tropical forests, are also affected by the 269 

El Niño phenomenon, which causes extreme warming 270 

to the equatorial Pacific. El Niño causes severe 271 

droughts in Australia, Indonesia, India, and South 272 

Africa, and the amount of rainfall is below the normal 273 

conditions [27]. In 2009, in the Southern part of 274 

Kalimantan shows low precipitation, which causes 275 

peatland drying and easy spread of fires [46]. Analysis 276 

of rainfall from three stations in the study area 277 

indicates that when El Niño happened in 2015, rainfall 278 

decreased by approximately 35% of the annual average 279 

rainfall in the tropical climate. The annual rainfall in 280 

2015 at the study area was 1650 mm. The evaporation 281 

time for the same temperature used by [43] is 26.670C.  282 

In addition to the changes in the coefficients a and 283 

c on DFt, wc was also modified. In the initial equation 284 

of KBDI, the wc value is assumed to be 203 mm of soil 285 

water available for evapotranspiration [43]. The wc 286 

value was on the scale from 0 to 203, where 0 shows 287 

no moisture depletion, and 203 indicate the highest 288 

depletion [37]. The wc value is influenced by the depth 289 

of the reference water table. This value was based on 290 

peatland research in the Netherlands that 400 mm 291 

depth of reference water table to avoid peat subsidence 292 

[11]. Peat dryness correlated with wildfire and 293 

reduction of groundwater level [47]. The Government 294 

Regulation of the Republic of Indonesia No. 71 of 295 

2014 [48] on peat ecosystem protection and 296 

management of clause 23 point 3, that was revised into 297 

regulation No. 57 of 2016, stating that peat ecosystem 298 

with cultivation function could be damaging if water 299 

table depth is more than 400 mm below the peat 300 

surface [49]. So in El Niño modified in this paper, Ro 301 

is set as 1650 mm, Tm is 26.67 and wc is 400. Based on 302 

the above concept, adjustment constants from 303 

Equation (13) of [43] in tropical peatland gives t26.67; 304 

1650 = 111.17 days and from Equation (16) of [43] t26.67, 305 

∞ = 0.6175 t26.67; 1650 = 68.65 days. 306 

The decrease in rainfall affects the values of the 307 

coefficients a and c on DFt in Equation (3) for 308 

modification 1 in tropical wetland condition [37], and 309 

modification 2 in tropical peatland condition due to El 310 

Niño in 2015 can be seen in Table 2. The coefficient b 311 

used is 0.0905 [37]. 312 
 313 

コメントの追加 [NN1]: a3: Line 211 Reference [37] for 

tropical condition and reference [45] for a, b and c 

coefficient 

コメントの追加 [NN2]: a3: t26.67; R0 from Equation (13) 

[43] 

コメントの追加 [NN3]: a3: t26.67, ∞ from Equation (16) [43] 

コメントの追加 [NN4]: a3: t26.67, ∞ for tropical condition 

from [37] 

コメントの追加 [NN5]: a3: using Equation (13) and 

Equation (16) of [43] 
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Peatland wildfires, especially in tropical ecosystems, 

are often due caused byto 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 Niño phenomenon, and the drainage system 

in a peatland. Additionally, dDrought 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 (DFt) in the Keetch–

Byram dDrought iIndex (KBDI) of based on 

tropical peatland wildfire conditions in Central 

Kalimantan during the El Niño phenomenon in 

2015. Furthermore, it and to 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 Niño conditions causedd a 

rain decline of approximatelyabout 35% 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 demonstrate that the modified 

DFt under tropical peatland conditions leads to an 

increase in the drought index value, 

beginningwhich begins on the driest daysthe 

predominant drying day betweenfrom July andto 

November 2015. The extreme value of the KBDI 

drought index increasesd from the high to the 

extreme index from September to November 2015, 

when as manyuch 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 occurred 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 wildfire condition in Central Kalimantan. 

Overall, the modified DFt could can be successfully 

applied to the El Niño phenomenon in 2015.  

Keywords: Keetch–Byram drought index, Number of 
Fire Alerts, El Niño, peatland water table reference, 

peatland wildfire 

1. Introduction  

The forest wildfires of 2015 werein Indonesia 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 people 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, will loses water from the 

pores 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 andfrom 

carbon emissions to the atmosphere; fire harms nearby 

communitiesthe human body and leads to the loss of 

lives and property [16]. Peatland wildfires slowly 
spread slowly 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 

increased 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 El Niño [26]. El Niño is a natural phenomenon 

characterized by the warming of temperatures in the 

Pacific Ocean and causes drought in the Asian region 

[27]. El Niño decreases the amount of rainfall in 

Indonesia [16]. 

A situation with lower than averageess than normal 

water availability due to climate variability may cause 

drought [28]. The limitations for drought have not yet 

been widely agreed upon, which. This shows indicates 

that drought is a region specific event in a region. 
However, there are several types of drought that 

canwill be shown to be used as  a reference. A 
dDecreased 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 recommended to reduce 

the degradation of peatlands to a larger scale extent 

[32]. Additionally, iIt can also help to maintain the 

water table [33] to prevent drought on peatlands.  

The process by which dDrought leads tocauses 

wildfires ins 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 

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 to use, based on 

meteorology data, soil moisture, hydrology, and 
remote sensing [36].  OneSome formula that usesed 

meteorological data is the sStandardized pPrecipitation 

iIndex (SPI)  [29] and the Keetch–Byram dDrought 

iIndex (KBDI) [37]. 

Some of the drought indices are builtd for the 

specific uses and environmentscase. 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 

iIndex [40], the Baumgartner index [41], the McArthur 

forest fire danger index [42], and the Keetch–Byram 

Drought Index (KBDI) [43]. KBDI is one of the most 

widely used indices for forest fire control management 

under various climatic conditions [34] [2]. KBDI was 

first developed for forest fire control 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 Niño disaster in 2015, when. the El 

Niño 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 . KBDI is determined using Equation 

(1). 

 

𝐾𝐵𝐷𝐼𝑡 =  𝐾𝐵𝐷𝐼𝑡−1 + 𝐷𝐹𝑡 − 𝑅𝐹𝑡, (1) 

 

where: 

DFt = drought factor (mm) 

RFt = rainfall factor (mm) 

t = time (day) 

 

The value of the rainfall factor (RFt) is determined 

by using meteorological data, in the form of annual 

rainfall and daily rainfall. An RFt 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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𝑅𝐹𝑡 =

{

(𝑅𝑡 − 5.1), 𝑅𝑡 ≥ 5.1 𝑚𝑚/𝑑𝑎𝑦, 1𝑠𝑡 𝑟𝑎𝑖𝑛𝑦 𝑑𝑎𝑦
𝑅𝑡, 𝑅𝑡−1 ≥ 5.1 𝑚𝑚/𝑑𝑎𝑦, 2𝑛𝑑 𝑎𝑛𝑑 𝑡ℎ𝑒 𝑛𝑒𝑥𝑡 𝑟𝑎𝑖𝑛𝑦 𝑑𝑎𝑦
0,  𝑅𝑡 < 5.1 𝑚𝑚/𝑑𝑎𝑦

, (2) 

 

where: 
Rt = daily rainfall at t 

Rt-1 = daily rainfall at t-1 
 

The dDrought 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 DFt 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: 

 

𝐷𝐹𝑡 = (𝑤𝑐 − 𝐾𝐵𝐷𝐼𝑡−1)
 (𝑎𝑒(𝑏 𝑇𝑚+1.5552)−𝑐) 10−3

1+10.88 𝑒(−0.001736 𝑅0)
 , (3) 

 

where:  

DFt = drought factor (mm) 

wc = the corresponding field capacity of 

available water in the layer (mm) 

KBDIt-1  = moisture deficiency (KBDI at t-1) 

Tm = daily maximum air temperature (°C) 

t = time increment (day) 

R0 = average annual rainfall (mm) 

a and c = coefficient influenced by the mean annual 

rainfall (R0) 

b = coefficient influenced by evapotranspiration 

 

In a Under sub-tropical climate, the average annual 

rainfall R0 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]. t26.67; 

R0 from Equation (13) of [43] gives t26.67; R0  = 56.41 

days. If R = ∞ and R0 = 1270 mm for a subtropical 

climate,  t26.67, ∞ from Equation (16) of [43] gives t26.67, 

∞ = 0.4545 t26.67; 1270 = 25.64 days. 

Reference [37] modifiesd the drought-factor 

formula (DFt) affected by tropical annual rainfall (R0) 

as 2540 mm, wc, and the temperature used is the same 

as that in [43], which  is 26.67 °0C. wc is 203 mm. 

Reference [37] adjustsment the constants t26.67, ∞ for a 

tropical condition from [37] as  t26.67, ∞ = 0.8831 t26.67; 

2540 = 49.87 days. 

The coefficients a, b, and c for the sub-tropical 

condition [43] and tropical condition [37] are listed can 

be seen in Table 1. 
 

Table 1. Climate variables and the coefficient drought factor 

Variable Subtropical Tropical 

Tm (0C) 26.67 26.67 

R0 (mm) 1270 2540 

a 0.9667 0.4982 

b 0.0875 0.0875 

c 8.30 4.27 

wc 203 203 

 

2.2 KBDI index modification forin the tropical 

climate  

2.2.1 KBDI index modification forin tropical 

wetland  

Reference [37] modified DFt is affected not only by 

annual rainfall and evapotranspiration in a tropical 

climate through changing the values of the coefficients 

a and c. It was concluded that tIt 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 one in for the tropical wetland 

conditions in this paper. 

 

2.2.1 KBDI modified forunder tropical peatlands  

followed by El Niño 

The formula of DFt [Equation (3)] has been 

developed to represent the average rainfall conditions 

forin wildfire risk control infor tropical wetland 

ecosystems. However, wildfires in tropical forests, 

especially those in Indonesia's tropical forests, are also 

affected by the El Niño phenomenon, which causes 

extreme warming to the equatorial Pacific. El Niño 

causes severe droughts in Australia, Indonesia, India, 
and South Africa, as well a reduction in average 

rainfallnd the amount of rainfall is below the normal 

conditions [27]. In 2009, in the Southern part of 

Kalimantan receivedshows 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 Niño happened 

occurred in 2015, rainfall decreased by approximately 
35% fromof 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] wasis 26.67 º0C.  

In addition to the changes in the coefficients a and 

c on DFt, wc was also modified. In the initial equation 
of KBDI, the wc 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 shows 

denotes no moisture depletion, and 203 indicates 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 used 

a 400 mm depth for the  of 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, of clause 

23 point 3, whichthat was revised into regulation No. 

57 of 2016, statesing that peat ecosystems with a 
cultivation function could be damageding if the water 

table depth is more than 400 mm below the peat 
surface [49]. So Thus, for thein El Niño 

modificationsed in this paper, Ro is set as 1650 mm, Tm 

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 t26.67; 

1650 = 111.17 days and t26.67, ∞ = 0.617 t26.67; 1650 = 68.6 

days. 

The decrease in rainfall affects the values of the 

coefficients a and c on DFt in Equation (3) for 

modification 1 in (tropical wetland conditions [37],) 

and modification 2 in (tropical peatland conditions due 

to El Niño) in 2015 can be seen in Table 2. The 

coefficient b used is 0.0905 [37]. 
 

 

Table 2. Climate variables and the coefficient drought factor 

for tropical wetland and peatland condition 

Parameter Tropical 

wetland  

Tropical peatland due 

to El Niño 

Tm (0C) 26.67 26.67 

R0 (mm) 2540 1650 

a 0.4982 0.3614 

b 0.0905 0.0905 

c 4.27 3.10 

wc 203 400 

 

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 wc 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 

classes KBDI index  
KBDI index in 

tropical peatland  

low 0 – 100 0 – 200 

moderate 101-150 201-300 

high 151-175 301-350 

extreme >175 >350 

 

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 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 
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 shown illustrated in Figure 2a [52]. 

Figure 2b showed depicts some post-wildfires 

conditions in the peatland around Block A inon 

November 2015. Thise area underwentgoes land 

clearing, which causeds the peatland to become dry 

and flammable. A dDrought index for peat wildfire 

risk assessment was evaluated under peat wildfires 

conditions in 2015. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 

 

 

 

 
 

 

 

 
Figure 1. Wildfires hazard was found on October 19, 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, 

includingone of which is in the tropical peatland in 

Indonesia. Peat wildfires have previouslyalso occurred 

in the EMRP area in Central Kalimantan [53]. The 

Mega Rice Project was opened inran 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 

andto 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 byto the rainfall 

reduction (the number of drying days), known as  due 

to the El Niño 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 give 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 Niño,; with modification 

to the baseline groundwater conditions for peatland 

affectings the wc 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, ion 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 Niño in Indonesia. The average 

monthly rainfall at the three stations in the study site 

wasis the highest (134 mm) ion November 2015. The 

net rainfall or rainfall factor (RFt) 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. IOn 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 District. There were NFA event 
in Mantangai is 3525 NFA eventsnts in Mantangai  

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 showindicates 
that the number of hotspots in October represents half 

of the NFA forover the year 2015, as presented i. It 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 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 

4.3 Keetch-Byram Drought Index (KBDI) 

analysis 

TBased on the results of the analysis using DFt, 

under tropical wetland conditions [37] and under 

tropical peatland conditions influenced by the El Niño 

phenomenon areis shown depicted in Figure 3. 

 

b1 b2 b3 

Canal C 

Canal D 

Canal E 
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 Figure 3. Comparison of KBDI for tropical wetland and the  

modified KBDI forof tropical peatland with due to the El Niño 

phenomenon 

 

In Figure 3 depicts an, It added a 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 DFt formula 

forunder tropical wetland conditions, for a  of 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 DFt formula forunder tropical peatland 

conditions including, which was influenced by El Niño 

phenomenon, from high level 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 

 
Wetland conditions 

Peatland conditions due 

to El Niño 

 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 0 

 

Based onOwing to the 35% reduction in rainfall 

occurring in the study area in 2015 due to El Niño, and 

the change in wc 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 DFt 

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 DFt under tropical 

peatland conditions includingwere affected by El Niño 

as modification 2) against fire risk assessment 

represented by the number of fire alerts. (NFA) shown 

in Figure 4.  

 

 
Figure 4. Correlation between Keetch-Byram dDrought iIndex 

(KBDI) values and number of fire alerts (NFA) 

 

Figure 4 shows the high andto the extreme drought 

index results from the beginning of July to November 

2015, representing the occurrence of a starting point of 

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 DFt formula forunder 

tropical wetland conditions 

Based on the analysis of KBDI with the DFt 

formula foron tropical wetland conditions, no 

extreme drought occurred at the beginning of July 

and August. Extreme drought indices occurred in 
September 2015 inas many as 23 events, October 

2015 inas many as 22 events, and November 2015 

inas much 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; most events as many as 1746 

hotspots occurred in October. The highest level of 
extreme index resultsx occurred in September 2015 

as many as 23 days were not equal to the highest 

NFA in October 2015. 

2. KBDI response to ads with corrected DFt 

forunder tropical peatland conditions  

In the corrected DFt formula for tropical peatland 

conditions affected by El Niño, with a rainfall 

reduction of 35% with R0 = 1650 mm and 

groundwater level 400 mm, high to extreme 

drought levels were observed was obtained starting 
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from September to o November 2015, as much 

aswith 61 indices. The results for theare extreme 

drought index wereof 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 andto the highest number of hotfire spots are 

in October, with 2015 as many as  1746 hot spots. 

Theose 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 

DFt modifications forunder tropical wetland 
conditions and tropical peatland conditions and 

compared with the number of fire alerts in Mantangai 

Ssub-dDistrict, with thethe results show demonstrating 

that: 

1. The faster modifications of theresponse 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 of 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 hot spots. These extreme level of 

modifications of the KBDI forunder the conditions 

of tropical peatlands can demonstrate show 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 events 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 DFt 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 ofinto 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.  

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 R2 as 0.828 with p-value 
0.03. Modification 2 forunder tropical peatlands  

formula,gave R2 as 0.829 with p-value 0.03.   It 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 Niño 

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 byof 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 ttoo early November. The peak of the 

fires occurred in September [52]. Previous research 

from 2001 to 2010 foundshowed large-scale land 

management practices usingwith fire, which caused 

smoke hazards from mid-August to late October [53]. 

Thus, by considerationWe can consider the use of the 

empirical drought index formula forunder tropical 

peatland conditions to have several general principles, 

which about the use of any empirical drought indices 

are as follows:: 

1. The KBDI formula should 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 unwise management, such asimilar to 

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 ofsome climatic conditions, ranging 

includingfrom 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 DFt formula 

foragainst the referenced water table level for peatland 
and with the influence ofed by rainfall reduction due to 

the El Niño phenomenon, in 2015 can accurately 

represent NFA in peatland. The analysis results shows 

the resultsbehavior of the KBDI; of drought correction 

(DFt) forunder tropical peatland conditions, already 

gave anrepresented by extreme index from (375 to 400 

コメントの追加 [A12]: There is a lot of changing between 

the terms ‘NFA’ and ‘hot spot’. It would be better to make 

this more consistent. 
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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 

better with this formula as an extreme value. Therefore, 

tAlthough this formula provided satisfactory results 
in the El Niño conditions ofin 2015. Further testing is 

still needed to prove the formula for other El Niño 

eventscases.  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 degradedlower 

physical properties of peatlands also lead to larger 

wildfires with the same number of drying days.  
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>      >     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>
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>      >      > Dear Aya Kamata
>      >      > JDR Editorial Office
>      >      >
>      >      > I thank you for the proof of my paper. There is some
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>      >      >     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
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>      >     corrections to be
>      >      >     made.
>      >      >
>      >      >     Thank you for your cooperation.
>      >      >
>      >      >     Best regards,
>      >      >
>      >      >     Aya Kamata
>      >      >     JDR Editorial Office
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>      >      >     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>>
>      >     <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/
>      >      >     *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
>      >      >     SCI---------------------
>      >      >     *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
>      >      >
>      >     
>       -------------------------------------------------------------------------------------
>      >      >
>      >      >
>      >      >
>      >      >
>      >      >     On 2019/09/16 14:06, Joko Sujono wrote:
>      >      >      > Dear Aya Kamata
>      >      >      > JDR Editorial Office
>      >      >      > Fuji Technology Press Ltd.
>      >      >      >
>      >      >      > I thank you for the PDF proof read and the comment.
>      >      >      > I 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
mailto:disaster@fujipress.jp
mailto:disaster@fujipress.jp
mailto:disaster@fujipress.jp
mailto:disaster@fujipress.jp
mailto:disaster@fujipress.jp
https://www.fujipress.jp/jdr/dr/
https://www.fujipress.jp/usces-member/?page=newmember
https://www.fujipress.jp/jdr/dr/
https://www.fujipress.jp/category/cfp/?journal=jsstr
https://www.fujipress.jp/usces-member/?page=newmember
mailto:disaster@fujipress.jp


6/13/23, 5:38 PM Universitas Gadjah Mada Mail - Fwd: Final proof of your paper Dr14-7-9565 (3)

https://mail.google.com/mail/u/3/?ik=9cb4b13f8a&view=pt&search=all&permmsgid=msg-f:1644991986945150800&simpl=msg-f:1644991986945150800 5/7

>     <mailto:disaster@fujipress.jp> <mailto:disaster@fujipress.jp
>     <mailto:disaster@fujipress.jp>>
>      >     <mailto:disaster@fujipress.jp <mailto:disaster@fujipress.jp>
>     <mailto:disaster@fujipress.jp <mailto:disaster@fujipress.jp>>>
>      >      >     <mailto:disaster@fujipress.jp
>     <mailto:disaster@fujipress.jp> <mailto:disaster@fujipress.jp
>     <mailto:disaster@fujipress.jp>>
>      >     <mailto: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/wGLLF02aGX5JlKg
>      >      >      >
>      >      >      >     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>>
>      >      >     <mailto:disaster@fujipress.jp
>     <mailto:disaster@fujipress.jp> <mailto:disaster@fujipress.jp
>     <mailto:disaster@fujipress.jp>>>
>      >      >      >     <mailto:disaster@fujipress.jp
>     <mailto:disaster@fujipress.jp>
>      >     <mailto:disaster@fujipress.jp <mailto:disaster@fujipress.jp>>
>     <mailto: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.
>      >      >      >
>      >      >      >     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.
>      >      >      >
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>      >      >      >     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].
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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 Niño 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 (DFttt) in the Keetch–Byram
drought index (KBDI) based on tropical peatland
wildfire conditions in Central Kalimantan during the
El Niño 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 Niño 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 DFttt 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 DFttt can be successfully applied to the El Niño
phenomenon in 2015.

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

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 Niño [26]. El Niño
is a natural phenomenon characterized by the warming of
temperatures in the Pacific Ocean and causes drought in
the Asian region [27]. El Niño 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 Niño
disaster in 2015, when the El Niño 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).

KBDIt = KBDIt−1 +DFt −RFt , . . . . . . (1)

where DFt is drought factor (mm), RFt is rainfall factor
(mm), t is time (day).

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

RFt =



(Rt −5.1),
Rt ≥ 5.1 mm/day, 1st rainy day,

Rt , Rt−1 ≥ 5.1 mm/day,
2nd and the next rainy day,

0, Rt < 5.1 mm/day,

(2)

where Rt is daily rainfall at t and Rt−1 is daily rainfall at
t −1.

The drought factor (DFt) 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 DFt from Eq. (18) of [43] is modified
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Table 1. Climate variables and the coefficient drought factor.

Variable Subtropical Tropical

Tm [◦C] 26.67 26.67
R0 [mm] 1270 2540

a 0.9667 0.4982
b 0.0875 0.0875
c 8.30 4.27

wc 203 203

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

DFt = (wc −KBDIt−1)

(
ae(bT m+1.5552)− c

)
10−3

1+10.88e(−0.001736R0)
,

. . . . . . . . . . . . . . . . (3)

where DFt is drought factor (mm), wc is correspond-
ing field capacity of available water in the layer (mm),
KBDIt−1 is moisture deficiency (KBDI at t − 1), Tm is
daily maximum air temperature (◦C), t is time increment
(day), R0 is average annual rainfall (mm), a and c are co-
efficients influenced by the mean annual rainfall (R0), and
b is coefficient influenced by evapotranspiration.

In a sub-tropical climate, the average annual rainfall
R0 is 1270 mm, maximum temperature (Tm) is 26.67◦C,
and corresponding field capacity of available water in the
layer (wc) is 203 mm [43]. t26.67;R0 from Eq. (13) of [43]
gives t26.67;R0 = 56.41 days. If R = ∞ and R0 = 1270 mm
for a subtropical climate, t26.67,∞ from Eq. (16) of [43]
gives t26.67,∞ = 0.4545 t26.67;1270 = 25.64 days.

[37] modifies the drought-factor formula (DFt) affected
by tropical annual rainfall (R0) as 2540 mm, wc, and
the temperature used is the same as that in [43], which
is 26.67◦C. wc is 203 mm. [37] adjusts the constants
t26.67,∞ for a tropical condition from [37] as t26.67,∞ =
0.8831 t26.67;2540 = 49.87 days.

The coefficients a, b, and c 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 DFt 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 b 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 Niño

The formula of DFt (Eq. (3)) has been developed to
represent the average rainfall conditions for wildfire risk

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

Parameter Tropical wetland Tropical peatland
due to El Niño

Tm [◦C] 26.67 26.67
R0 [mm] 2540 1650

a 0.4982 0.3614
b 0.0905 0.0905
c 4.27 3.10

wc 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 El Niño phe-
nomenon, which causes extreme warming to the equa-
torial Pacific. El Niño 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 Niño 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 c
on DFt , wc was also modified. In the initial equation
of KBDI, the wc 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 denotes no
moisture depletion, and 203 indicates the highest deple-
tion [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 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
Niño modifications in this paper, Ro is set as 1650 mm,
Tm is 26.67, and wc 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 t26.67,∞ = 0.617 t26.67;1650 = 68.6 days.

The decrease in rainfall affects the values of the coeffi-
cients a and c on DFt 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 Niño) in
2015.

In the previous study, four fire danger classes were
used, from 0 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 KBDI index in
tropical peatland

low 0–100 0–200
moderate 101–150 201–300

high 151–175 301–350
extreme > 175 > 350

new value of wc 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 wc
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-

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 Niño 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 (b1), 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 Niño, with modification to the base-
line groundwater conditions for peatland affecting the
wc 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

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 Niño 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 (RFt) 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 DFt , under tropical

wetland conditions [37] and under tropical peatland con-
ditions influenced by the El Niño 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 DFt 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 DFt for-
mula for tropical peatland conditions including El Niño
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 Niño phe-
nomenon.

Table 5. Drought level conditions.

Wetland conditions Peatland conditions due
to El Niño

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 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 Niño, and the change in wc
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 DFt 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 DFt under tropical peatland conditions
including El Niño 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-

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 DFt formula for tropical wet-
land conditions
Based on the analysis of KBDI with the DFt 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 DFt for tropical peatland
conditions
In the corrected DFt formula for tropical peatland con-
ditions affected by El Niño, with a rainfall reduction
of 35% with R0 = 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 DFt 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 DFt 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 R2

as 0.828 with p-value 0.03. Modification 2 for trop-
ical peatlands gave R2 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 Niño 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-

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 DFt formula for
the referenced water table level for peatland and with the
influence of rainfall reduction due to the El Niño phe-
nomenon, can accurately represent NFA in peatland. The
analysis shows the results of the KBDI; drought factor
(DFt) 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 Niño conditions of 2015.
Further testing is still needed to prove the formula for
other El Niño 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 Niño 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 (DFttt) in the Keetch–Byram
drought index (KBDI) based on tropical peatland
wildfire conditions in Central Kalimantan during the
El Niño 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 Niño 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 DFttt 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 DFttt can be successfully applied to the El Niño
phenomenon in 2015.

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

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 Niño [26]. El Niño
is a natural phenomenon characterized by the warming of
temperatures in the Pacific Ocean and causes drought in
the Asian region [27]. El Niño 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 Niño
disaster in 2015, when the El Niño 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).

KBDIt = KBDIt−1 +DFt −RFt , . . . . . . (1)

where DFt is drought factor (mm), RFt is rainfall factor
(mm), t is time (day).

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

RFt =



(Rt −5.1),
Rt ≥ 5.1 mm/day, 1st rainy day,

Rt , Rt−1 ≥ 5.1 mm/day,
2nd and the next rainy day,

0, Rt < 5.1 mm/day,

(2)

where Rt is daily rainfall at t and Rt−1 is daily rainfall at
t −1.

The drought factor (DFt) 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 DFt from Eq. (18) of [43] is modified
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Table 1. Climate variables and the coefficient drought factor.

Variable Subtropical Tropical

Tm [◦C] 26.67 26.67
R0 [mm] 1270 2540

a 0.9667 0.4982
b 0.0875 0.0875
c 8.30 4.27

wc 203 203

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

DFt = (wc −KBDIt−1)

(
ae(bT m+1.5552)− c

)
10−3

1+10.88e(−0.001736R0)
,

. . . . . . . . . . . . . . . . (3)

where DFt is drought factor (mm), wc is correspond-
ing field capacity of available water in the layer (mm),
KBDIt−1 is moisture deficiency (KBDI at t − 1), Tm is
daily maximum air temperature (◦C), t is time increment
(day), R0 is average annual rainfall (mm), a and c are co-
efficients influenced by the mean annual rainfall (R0), and
b is coefficient influenced by evapotranspiration.

In a sub-tropical climate, the average annual rainfall
R0 is 1270 mm, maximum temperature (Tm) is 26.67◦C,
and corresponding field capacity of available water in the
layer (wc) is 203 mm [43]. t26.67;R0 from Eq. (13) of [43]
gives t26.67;R0 = 56.41 days. If R = ∞ and R0 = 1270 mm
for a subtropical climate, t26.67,∞ from Eq. (16) of [43]
gives t26.67,∞ = 0.4545 t26.67;1270 = 25.64 days.

[37] modifies the drought-factor formula (DFt) affected
by tropical annual rainfall (R0) as 2540 mm, wc, and
the temperature used is the same as that in [43], which
is 26.67◦C. wc is 203 mm. [37] adjusts the constants
t26.67,∞ for a tropical condition from [37] as t26.67,∞ =
0.8831 t26.67;2540 = 49.87 days.

The coefficients a, b, and c 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 DFt 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 b 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 Niño

The formula of DFt (Eq. (3)) has been developed to
represent the average rainfall conditions for wildfire risk

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

Parameter Tropical wetland Tropical peatland
due to El Niño

Tm [◦C] 26.67 26.67
R0 [mm] 2540 1650

a 0.4982 0.3614
b 0.0905 0.0905
c 4.27 3.10

wc 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 El Niño phe-
nomenon, which causes extreme warming to the equa-
torial Pacific. El Niño 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 Niño 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 c
on DFt , wc was also modified. In the initial equation
of KBDI, the wc 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 denotes no
moisture depletion, and 203 indicates the highest deple-
tion [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 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
Niño modifications in this paper, Ro is set as 1650 mm,
Tm is 26.67, and wc 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 t26.67,∞ = 0.617 t26.67;1650 = 68.6 days.

The decrease in rainfall affects the values of the coeffi-
cients a and c on DFt 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 Niño) in
2015.

In the previous study, four fire danger classes were
used, from 0 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 KBDI index in
tropical peatland

low 0–100 0–200
moderate 101–150 201–300

high 151–175 301–350
extreme > 175 > 350

new value of wc 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 wc
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-

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 Niño 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 (b1), 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 Niño, with modification to the base-
line groundwater conditions for peatland affecting the
wc 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

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 Niño 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 (RFt) 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 DFt , under tropical

wetland conditions [37] and under tropical peatland con-
ditions influenced by the El Niño 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 DFt 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 DFt for-
mula for tropical peatland conditions including El Niño
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 Niño phe-
nomenon.

Table 5. Drought level conditions.

Wetland conditions Peatland conditions due
to El Niño

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 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 Niño, and the change in wc
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 DFt 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 DFt under tropical peatland conditions
including El Niño 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-

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 DFt formula for tropical wet-
land conditions
Based on the analysis of KBDI with the DFt 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 DFt for tropical peatland
conditions
In the corrected DFt formula for tropical peatland con-
ditions affected by El Niño, with a rainfall reduction
of 35% with R0 = 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 DFt 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 DFt 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 R2

as 0.828 with p-value 0.03. Modification 2 for trop-
ical peatlands gave R2 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 Niño 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-

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 DFt formula for
the referenced water table level for peatland and with the
influence of rainfall reduction due to the El Niño phe-
nomenon, can accurately represent NFA in peatland. The
analysis shows the results of the KBDI; drought factor
(DFt) 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 Niño conditions of 2015.
Further testing is still needed to prove the formula for
other El Niño 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 Niño 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 (DFttt) in the Keetch–Byram
drought index (KBDI) based on tropical peatland
wildfire conditions in Central Kalimantan during the
El Niño 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 Niño 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 DFttt 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 DFttt can be successfully applied to the El Niño
phenomenon in 2015.

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

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 Niño [26]. El Niño
is a natural phenomenon characterized by the warming of
temperatures in the Pacific Ocean and causes drought in
the Asian region [27]. El Niño 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 Niño
disaster in 2015, when the El Niño 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).

KBDIt = KBDIt−1 +DFt −RFt , . . . . . . (1)

where

DFt = drought factor (mm),
RFt = rainfall factor (mm),
t = time (day).

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

RFt =



(Rt −5.1),
Rt ≥ 5.1 mm/day, 1st rainy day,

Rt , Rt−1 ≥ 5.1 mm/day,
2nd and the next rainy day,

0, Rt < 5.1 mm/day,

(2)

where

Rt = daily rainfall at t,
Rt−1 = daily rainfall at t −1.

The drought factor (DFt) 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 DFt from Eq. (18) of [43] is modified
with [37] for tropical condition, and [45] for the a, b, and c
coefficients as follows:

DFt = (wc −KBDIt−1)

(
ae(bT m+1.5552)− c

)
10−3

1+10.88e(−0.001736R0)
,

. . . . . . . . . . . . . . . . (3)

where
DFt = drought factor (mm),
wc = corresponding field capacity of available water

in the layer (mm),
KBDIt−1 = moisture deficiency (KBDI at t −1),
Tm = daily maximum air temperature (◦C),
t = time increment (day),
R0 = average annual rainfall (mm),
a and c = coefficient influenced by the mean annual

rainfall (R0),
b = coefficient influenced by evapotranspiration.

In a sub-tropical climate, the average annual rainfall
R0 is 1270 mm, maximum temperature (Tm) is 26.67◦C,
and corresponding field capacity of available water in the
layer (wc) is 203 mm [43]. t26.67;R0 from Eq. (13) of [43]
gives t26.67;R0 = 56.41 days. If R = ∞ and R0 = 1270 mm
for a subtropical climate, t26.67,∞ from Eq. (16) of [43]
gives t26.67,∞ = 0.4545 t26.67;1270 = 25.64 days.

[37] modifies the drought-factor formula (DFt) affected
by tropical annual rainfall (R0) as 2540 mm, wc, and
the temperature used is the same as that in [43], which
is 26.67◦C. wc is 203 mm. [37] adjusts the constants
t26.67,∞ for a tropical condition from [37] as t26.67,∞ =
0.8831 t26.67;2540 = 49.87 days.

The coefficients a, b, and c 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 DFt 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 b in Table 2 become 0.0905 [37].
These coefficients are used as the modifications for the
tropical wetland conditions in this paper.

Table 1. Climate variables and the coefficient drought factor.

Variable Subtropical Tropical

Tm [◦C] 26.67 26.67
R0 [mm] 1270 2540

a 0.9667 0.4982
b 0.0875 0.0875
c 8.30 4.27

wc 203 203

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

Parameter Tropical wetland Tropical peatland
due to El Niño

Tm [◦C] 26.67 26.67
R0 [mm] 2540 1650

a 0.4982 0.3614
b 0.0905 0.0905
c 4.27 3.10

wc 203 400

2.2.2. KBDI Modified for Tropical Peatlands Followed
by El Niño

The formula of DFt (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 Niño phe-
nomenon, which causes extreme warming to the equa-
torial Pacific. El Niño 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 Niño 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 c
on DFt , wc was also modified. In the initial equation
of KBDI, the wc 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 denotes no
moisture depletion, and 203 indicates the highest deple-
tion [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 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
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Table 3. Drought index classes of KBDI modified for trop-
ical peatland conditions.

Classes KBDI index KBDI index in
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
Niño modifications in this paper, Ro is set as 1650 mm,
Tm is 26.67, and wc 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 t26.67,∞ = 0.617 t26.67;1650 = 68.6 days.

The decrease in rainfall affects the values of the coeffi-
cients a and c on DFt 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 Niño) 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 wc 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 wc
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-

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
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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 (b1), 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 Niño 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 Niño, with modification to the base-
line groundwater conditions for peatland affecting the

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

wc 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 Niño 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 (RFt) 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 DFt , 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 Niño phe-
nomenon.

Table 5. Drought level conditions.

Wetland conditions Peatland conditions due
to El Niño

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 0

ditions influenced by the El Niño 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 DFt 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 DFt for-
mula for tropical peatland conditions including El Niño
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

Fig. 4. Correlation between Keetch-Byram drought index
(KBDI) values and number of fire alerts (NFA).

study area in 2015 due to El Niño, and the change in wc
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 DFt 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 DFt under tropical peatland conditions
including El Niño 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 DFt formula for tropical wet-
land conditions
Based on the analysis of KBDI with the DFt 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 DFt for tropical peatland
conditions
In the corrected DFt formula for tropical peatland con-
ditions affected by El Niño, with a rainfall reduction
of 35% with R0 = 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 DFt 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 DFt 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 R2

as 0.828 with p-value 0.03. Modification 2 for trop-
ical peatlands gave R2 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 Niño 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-
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 DFt formula for
the referenced water table level for peatland and with the
influence of rainfall reduction due to the El Niño phe-
nomenon, can accurately represent NFA in peatland. The
analysis shows the results of the KBDI; drought factor
(DFt) 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 Niño conditions of 2015.
Further testing is still needed to prove the formula for
other El Niño 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.

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



Novitasari, N. et al.

Acknowledgements
This study was completed with partial funding from Penelitian
Dasar Unggulan Perguruan Tinggi (PDUPT) from the DRPM Dit-
jen Penguatan Riset dan Pengembangan, Ministry of Research,
Technology, and High Education – the Republic of Indonesia
through LPPM Universitas Gadjah Mada.

References:
[1] C. E. Stockwell et al., “Field measurements of trace gases and

aerosols emitted by peat fires in Central Kalimantan, Indonesia,
during the 2015 El Niño,” Atmos. Chem. Phys., Vol.16, No.18,
pp. 11711-11732, 2016.

[2] S. E. Page, F. Siegert, J. O. Rieley, H.-D. V. Boehm, A. Jaya, and
S. Limin, “The amount of carbon released from peat and forest fires
in Indonesia during 1997,” Nature, Vol.420, No.6911, pp. 61-65,
2002.

[3] W. C. Adinugroho, I. N. N. Suryadiputra, B. H. Saharjo, and L.
Siboro, “Panduan Pengendalian Kebakaran Hutan dan Lahan Gam-
but,” Wetlands International: Indonesia Programme, 2004.

[4] H. Hayasaka, “Recent Large-Scale Fires in Boreal and Tropi-
cal Forests,” J. Disaster Res., Vol.2, No.4, pp. 265-275, DOI:
10.20965/jdr.2007.p0265, 2007.

[5] Wahyunto, S. Ritung, Suparto, and H. Subagjo, “Sebaran Gambut
dan Kandungan Karbon di Sumatera dan Kalimantan,” Wetlands In-
ternational: Indonesia Programme, 2005.

[6] S. Ritung et al., “Peta Lahan Gambut Indonesia Skala 1:250.000,”
2011.

[7] H. Vasander, “3. Overview of types of peatlands,” R. Biancalani and
A. Avagyan (Eds.), “Towards climate-responsible peatlands man-
agement,” Food and Agriculture Organization of the United Nations
(FAO), pp. 15-18, 2014.

[8] S. W. Atmojo, “Pengelolaan Lahan Gambut,” UNS Press, 2014.
[9] S. Najiyati, L. Muslihat, I. Nyoman, and N. Suryadiputra, “Pand-

uan Pengelolaan Lahan Gambut,” Wetlands International: Indone-
sia Programme, 2005.

[10] I. T. C. Wibisono, L. Siboro, and I. N. N. Suryadiputra, “Panduan
Rehabilitasi dan Teknik Silvikultur di Lahan Gambut,” Wetlands
International: Indonesia Programme, 2005.

[11] J. P. Andriesse, “Nature and Management of Tropical Peat Soils,”
FAO Soils Bulletin 59, Food and Agriculture Organization of the
United Nations (FAO), 1988.

[12] N. Yulianti and H. Hayasaka, “Recent Active Fires under El Niño
Conditions in Kalimantan, Indonesia,” American J. of Plant Sci-
ences, Vol.4, No.3A, pp. 685-696, 2013.

[13] S. Page and A. Hooijer, “6. Environmental impacts and conse-
quences of utilizing peatlands,” R. Biancalani and A. Avagyan
(Eds.), “Towards climate-responsible peatlands management,” Food
and Agriculture Organization of the United Nations (FAO), pp. 27-
35, 2014.

[14] P. Sofan, Y. Vetrita, F. Yulianto, and M. R. Khomarudin, “Multi-
temporal remote sensing data and spectral indices analysis for de-
tection tropical rainforest degradation: case study in Kapuas Hulu
and Sintang districts, West Kalimantan, Indonesia,” Nat. Hazards,
Vol.80, No.2, pp. 1279-1301, 2016.

[15] K. Becek and A. B. Horwath, “Is vegetation collapse on Borneo
already in progress?,” Nat. Hazards, Vol.85, No.2, pp. 1279-1290,
2017.

[16] H. Herawati and H. Santoso, “Tropical forest susceptibility to and
risk of fire under changing climate: A review of fire nature, pol-
icy and institutions in Indonesia,” For. Policy Econ., Vol.13, No.4,
pp. 227-233, 2011.

[17] A. C. Watts and L. N. Kobziar, “Smoldering Combustion in Organic
Soils: Peat and Muck Fires in the Southeastern U.S.,” South. Fire
Exch., 2012.

[18] A. Sandhyavitri, R. Amri, and D. Fermana, “Development of Un-
derground Peat Fire Detection,” Int. Conf. on Technology, Innova-
tion, and Society (ICTIS2019), pp. 439-444, 2016.

[19] X. Huang, F. Restuccia, M. Gramola, and G. Rein, “Experimen-
tal study of the formation and collapse of an overhang in the lat-
eral spread of smouldering peat fires,” Combust. Flame, Vol.168,
pp. 393-402, 2016.

[20] G. Rein, N. Cleaver, C. Ashton, P. Pironi, and J. L. Torero, “The
severity of smouldering peat fires and damage to the forest soil,”
Catena, Vol.74, No.3, pp. 304-309, 2008.

[21] M. G. L. Van Nieuwstadt and D. Sheil, “Drought, fire and tree sur-
vival in a Borneo rain forest, East Kalimantan,” Indonesia J. of Ecol-
ogy, Vol.93, No.1, pp. 191-201, 2005.

[22] S. Martı́n, M. Rodrı́guez, J. M. Moreno, and D. G. Angeler, “Com-
plex ecological responses to drought and fire-retardant contamina-
tion impacts in ephemeral waters,” Water. Air. Soil Pollut., Vol.225,
No.8, DOI: 10.1007/s11270-014-2078-7, 2014.

[23] M. Solh and M. van Ginkel, “Drought preparedness and drought
mitigation in the developing world’s drylands,” Weather Clim. Ex-
trem., Vol.3, pp. 62-66, 2014.

[24] R. S. Pulwarty and M. V. K. Sivakumar, “Information systems in a
changing climate: Early warnings and drought risk management,”
Weather Clim. Extrem., Vol.3, pp. 14-21, 2014.

[25] M. L. Khandekar, T. S. Murty, D. Scott, and W. Baird, “The 1997
El Niño, Indonesian Forest fires and the Malaysian Smoke prob-
lem: A deadly combination of natural and man-made hazard,” Nat.
Hazards, Vol.21, No.2-3, pp. 131-144, 2000.

[26] R. D. Field, Y. Wang, O. Roswintiarti, and Guswanto, “A drought-
based predictor of recent haze events in western Indonesia,” Atmos.
Environ., Vol.38, No.13, pp. 1869-1878, 2004.

[27] M. Pidwirny, “El Niño, La Niña and the Southern Oscillation,”
2006, http://www.physicalgeography.net/fundamentals/7z.html [ac-
cessed March 7, 2016]

[28] N. Wanders, H. A. J. van Lanen, and A. F. van Loon, “Indicators
for drought characterization on a global scale,” WATCH Technical
Report No.24, p. 93, 2010.

[29] A. Hasegawa, M. Gusyev, and Y. Iwami, “Meteorological drought
and flood assessment using the comparative SPI approach in Asia
under climate change,” J. Disaster Res., Vol.11, No.6, pp. 1082-
1090, DOI: 10.20965/jdr.2016.p1082, 2016.

[30] D. A. Wilhite and M. D. Svoboda, “Drought early warning systems
in the context of drought preparedness and mitigation,” Early Warn.
Syst. drought Prep. drought Manag., pp. 1-21, 2000.

[31] M. A. Gusyev, A. Hasegawa, J. Magome, D. Kuribayashia, H.
Sawanoa, and S. Lee, “Drought assessment in the Pampanga River
basin, the Philippines – Part 1: Characterizing a role of dams in his-
torical droughts with standardized indices,” 21st Int. Congress on
Modeling and Simulation, pp. 1586-1592, 2015.

[32] R. A. Adesiji, P. A. Adeoye, and A. O. Gbadebo, “Review Article
Effects of Water Table Fluctuations on Peatland-A Review,” Sch. J.
Eng. Technol., Vol.2, No.3C, pp. 482-487, 2014.

[33] N. Novitasari, J. Sujono, S. Harto, A. Maas, and R. Jayadi,
“Pengaruh Karakteristik Gambut Terdegradasi terhadap Kebakaran
Lahan Gambut,” Prosiding Seminar Nasional Lingkungan Lahan
Basah, Vol.3, pp. 347-351, 2018.

[34] R. R. Heim, “A review of twentieth-century drought indices used in
the United States,” Bulletin of the American Meteorological Soci-
ety, 2002.

[35] H.-R. Byun and D. A. Wilhite, “Objective Quantification of
Drought Severity and Duration,” J. of Climate, Vol.12, No.9,
pp. 2747-2756, 1999.

[36] World Meteorological Organization (WMO) and Global Water Part-
nership (GWP), “Handbook of drought indicators and indices,”
Integrated Drought Management Programme (IDMP), No.1173,
2017.

[37] M. Taufik, B. I. Setiawan, and H. a. J. van Lanen, “Modification of
a fire drought index for tropical wetland ecosystems by including
water table depth,” Agric. For. Meteorol., Vol.203, pp. 1-10, 2015.

[38] D. X. Viegas, G. Bovio, A. Ferreira, A. Nosenzo, and B. Sol, “Com-
parative study of various methods of fire danger evaluation in south-
ern Europe,” Int. J. Wildl. Fire, Vol.9, No.4, p. 235, 1999.

[39] P. Groisman et al., “Changes in Precipitation Distribution Spectra
and Contemporary Warming of the Extratropics: Implications for
Intense Rainfall, Droughts, and Potential Forest Fire Danger,” 16th
Conf. on Climate Variability and Change, Session No.12.5, 2005.

[40] C. Willis et al., “The Development of a National Fire Danger Rating
System for South Africa,” CSIR Water, Environment and Forestry
Technology, 2001.

[41] J. Skvarenina, J. Mindas, J. Holecy, and J. Tucek, “Analysis of the
natural and meteorological conditions during two largest forest fire
events in the Slovak Paradise National Park,” J. Meteorol., Vol.7,
pp. 167-171, 2003.

[42] A. J. Dowdy, G. a Mills, K. Finkele, and W. De Groot, “Australian
fire weather as represented by the McArthur Forest Fire Danger
Index and the Canadian Forest Fire Weather Index Australian fire
weather as represented by the McArthur Forest Fire Danger Index
and the Canadian Forest Fire Weather Index,” CAWCR Technical
Report No.10, 2009.

[43] J. J. Keetch and G. M. Byram, “A Drought Index for Forest Fire
Control,” U.S. Department of Agriculture, 1968.

[44] G. Petros, M. Antonis, and T. Marianthi, “Development of an
adapted empirical drought index to the Mediterranean conditions
for use in forestry,” Agric. For. Meteorol., Vol.151, No.2, pp. 241-
250, 2011.

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



Drought Index for Peatland Wildfire Management in
Central Kalimantan, Indonesia During El Niño Phenomenon

[45] A. Garcia-Prats, D. C. Antonio, F. J. G. Tarcı́sio, and M. J. Antonio,
“Development of a Keetch and Byram – Based drought index sensi-
tive to forest management in Mediterranean conditions,” Agric. For.
Meteorol., Vol.205, pp. 40-50, 2015.

[46] K. Kaku and A. Held, “Sentinel Asia: A space-based disaster man-
agement support system in the Asia-Pacific region,” Int. J. Disaster
Risk Reduct., Vol.6, pp. 1-17, 2013.

[47] E. I. Putra, H. Takahashi, H. Hayasaka, and A. Usup, “Recent
Peat Fire Activity in the Mega Rice Project Area, Central Kaliman-
tan, Indonesia,” J. Disaster Res., Vol.3, No.5, pp. 334-341, DOI:
10.20965/jdr.2008.p0334, 2008.

[48] “Peraturan Pemerintah (PP) No.57: Peraturan Pemerintah (PP) ten-
tang Perubahan atas Peraturan Pemerintah Nomor 71 Tahun 2014
tentang Perlindungan dan Pengelolaan Ekosistem Gambut,” 2016.

[49] T. Notohadiprawiro, “Mega-Project of Central Kalimantan Wetland
Development for Food Crop Production, Belief and Truth,” Proc. of
the Int. Peat Symposium: The Spirit of Peatlands, 1998.

[50] NASA, “Earth Observatory,” Earth Observatory, 2015,
https://earthobservatory.nasa.gov/images/86847/heavy-smoke-
blankets-borneo [accessed January 24, 2016]

[51] KFCP, “Peta Rencana Pola Tata Guna Lahan Desa Sei Ahas,” In-
donesia: Indonesia-Australia Forest Carbon Partnership (IAFCP),
2014.

[52] H. Hayasaka, I. Noguchi, E. Indra, N. Yulianti, and K. Vadrevu,
“Peat-fire-related air pollution in Central Kalimantan, Indonesia,”
Environ. Pollut., Vol.195, pp. 257-266, 2014.

[53] N. Novitasari, J. Sujono, S. Harto, A. Maas, and R. Jayadi,
“Restoration of peat dome in ex-Mega rice project area in Central
Kalimantan,” AIP Conf. Proc., Vol.1977, 2018.

[54] I. N. N. Suryadiputra et al., “2005 Buku Suryadiputra Panduan
Penyekatan Parit (Indonesia),” Wetlands International: Indonesia
Programme, 2005.

[55] BMKG, “Data Hujan Online,” 2019, http://dataonline.bmkg.go.id
[accessed January 30, 2016]

[56] D. C. Morton, R. S. Defries, J. T. Randerson, L. Giglio, W.
Schroeder, and G. R. van der Werf, “Agricultural intensification in-
creases deforestation fire activity in Amazonia,” Glob. Chang. Biol.,
Vol.14, No.10, pp. 2262-2275, 2008.

Name:
Novitasari Novitasari

Affiliation:
Department of Civil and Environmental En-
gineering, Faculty of Engineering, Universitas
Gadjah Mada
Department of Civil Engineering, Faculty of En-
gineering, Universitas Lambung Mangkurat

Address:
Jl. Grafika 2, Yogyakarta 55281, Indonesia
Brief Career:
2005- Lecturer, Department of Civil Engineering, Faculty of Engineering,
Universitas Lambung Mangkurat
2015- Student, Civil Engineering Doctoral Program, Universitas Gadjah
Mada
Selected Publications:
• “Restoration of Peat Dome in Ex-Mega Rice Project Area in Central
Kalimantan,” American Institute of Physics Conf. Proc., 1977, 040008
(2018), DOI: https://doi.org/10.1063/1.5042978, 2018.
Academic Societies & Scientific Organizations:
• Indonesian Association of Hydraulic Engineers (HATHI)
• Indonesia Water Resources Association (JSDA-Indonesia)

Name:
Joko Sujono

Affiliation:
Department of Civil and Environmental En-
gineering, Faculty of Engineering, Universitas
Gadjah Mada

Address:
Jl. Grafika 2, Yogyakarta 55281, Indonesia
Brief Career:
1989- Lecturer, Department of Civil and Environmental Engineering,
Faculty of Engineering, Universitas Gadjah Mada
2016- Head, Department of Civil and Environmental Engineering, Faculty
of Engineering, Universitas Gadjah Mada
Selected Publications:
• “A comparison of techniques for hydrograph recession analysis,”
Hydrological Processes, Vol.18, No.3, pp. 403-413, 2004.
• “Improving the water productivity of paddy rice (Oryza sativa L.)
cultivation through water saving irrigation treatments,” Agricultural
Sciences, Vol.2, No.4, pp. 511-517, 2011.
Academic Societies & Scientific Organizations:
• International Association of Hydrological Sciences (IAHS)
• Indonesian Association of Hydraulic Engineers (HATHI)

Name:
Sri Harto

Affiliation:
Department of Civil and Environmental En-
gineering, Faculty of Engineering, Universitas
Gadjah Mada

Address:
Jl. Grafika 2, Yogyakarta 55281, Indonesia
Brief Career:
1994-1997 Dean, Faculty of Engineering, Universitas Gadjah Mada
Selected Publications:
• “The characteristics of Unit Hydrographs with different scale of
antecedent Soil Moisture Condition,” J. of Engineering and Applied
Sciences, Vol.11, Issue 12, pp. 2594-2601, 2016.
Academic Societies & Scientific Organizations:
• International Association of Hydrological Science (IAHS)
• International Association of Hydro-Environment Engineering and
Research (IAHR)
• Indonesian Association of Hydraulic Engineers (HATHI)

Journal of Disaster Research Vol.14 No.7, 2019 9



Novitasari, N. et al.

Name:
Azwar Maas

Affiliation:
Department of Soil Science, Faculty of Agricul-
ture, Universitas Gadjah Mada

Address:
Jl. Flora, Bulak Sumur, Yogyakarta 55281, Indonesia
Brief Career:
2012-2016 Head of Soil Science Study Program, Faculty of Agriculture,
Universitas Gadjah Mada
2016- Chairman of Expert for Peatland Restoration Agency (BRG)
Selected Publications:
• “The tolerance of photosynthesis of some maize cultivars (Zea mays L.)
to waterlogging at different stages of growth,” Int. J. on Advanced Science,
Engineering and Information Technology, Vol.7, Issue 4, pp. 1296-1301,
2017.
• “Characteristics of three biochar types with different pyrolysis time as
ameliorant of peat soil,” Indian J. of Agricultural Research. Vol.51,
Issue 5, pp. 458-462, 2017.
Academic Societies & Scientific Organizations:
• Soil Science Sociaty (HIT)
• Indonesian Wild and Land Fires Associate (Karhutra)
• Indonesia Disaster Expert (IABI)

Name:
Rachmad Jayadi

Affiliation:
Associate Professor, Department of Civil and
Environmental Engineering, Faculty of Engi-
neering, Universitas Gadjah Mada

Address:
Jl. Grafika 2, Yogyakarta 55281, Indonesia
Brief Career:
2009-2012 Head of Master Program in Natural Disaster Management,
Department of Civil and Environmental Engineering, Faculty of
Engineering, Universitas Gadjah Mada
2016- Head of Undergraduate Program in Civil Engineering, Department
of Civil and Environmental Engineering, Faculty of Engineering,
Universitas Gadjah Mada
Selected Publications:
• “Impact of Sedimentation Counter Measure on the Performance of Flood
Control: A Case Study of Wonogiri Reservoir,” Int. J. of Applied
Mechanics and Materials, Vol.881, pp. 78-85, DOI:
10.4028/www.scientific.net/AMM.881.78, 2018.
• “Improving Spatial Rainfall Estimates at Mt. Merapi Area Using
Radar-Rain Gauge Conditional Merging,” J. Disaster Res., Vol.14 No.1,
pp. 69-79, DOI: 10.20965/jdr.2019.p0069, 2019.
Academic Societies & Scientific Organizations:
• Indonesian Association of Hydraulic Engineers (HATHI)
• Indonesian National Committee of ICID (INACID)

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



No: 956500 INVOICE September 17, 2019

Universitas Gadjah Mada

 

Fuji Technology Press Ltd.
 

Unizo Uchikanda 1-chome bldg.,
1-15-7 Uchikanda, Chiyoda-ku,

Tokyo 101-0047, Japan
Tel: +81-3-5577-3851
Fax: +81-3-5577-3861

Email: disaster@fujipress.jp

No.  Description Quant. Unit Unit Price Amount

1
 Journal of Disaster Research
 Vol.14, No.7, 10 pages

    

2  Page Charge 10 page 12,000 120,000 

Total 120,000 

(Currency: JPY) 

ID: 9565

Title: Drought Index for Peatland Wildfire Management in Central
Kalimantan, Indonesia during El Niño Phenomenon

Authors: Novitasari Novitasari, Joko Sujono, Sri Harto, Azwar Maas, and
Rachmad Jayadi 

Due date:  October 17, 2019 

1) Online payment by credit card - Visa,MC,AmEx,JCB,or DSF - or by Paypal. 
Please visit our website at the following URL. The page is protected by password.
https://www.fujipress.jp/item/dr1479565
Password: 95650904 

2) Bank Transfer 
Bank/branch:
Branch address:
SWIFT code:
Account number:
Account holder: 

RAKUTEN BANK, LTD. Head Office
1-14-1 Tamagawa, Setagaya-ku, Tokyo, JAPAN
RAKTJPJT
251-7206558
FUJI TECHNOLOGY PRESS LTD. 

Please also specify the intermediary Bank as follows.
Sumitomo Mitsui Banking Corporation, Tokyo, JAPAN (SWIFT code: SMBCJPJT) 


