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ABSTRACT 

 
This research had two objectives. The first objective was to quantity the carbon emissions from fires of various 

types of tropical wetland vegetation using Sentinel-2 imagery. The second objective was to measure how long 

the carbon stock will recover using Sentinel-2 imagery. Burned areas were extracted automatically using the 

Relativized Burn Ratio (RBR). Calculation of carbon emissions and carbon sequestrations were carried out by 

measuring the differences in Above Ground Biomass (AGB) before the fires, right after the fires, and a few 

months after the vegetation re-grows after the fires. Therefore, multitemporal Sentinel-2 MSI imageries from 

three different times are required. All imageries processing was carried out using the ESA SNAP software. The 

results showed that tropical wetland fires emited an average of 121.61 Mg C/ha, or equivalent to 445.9 Mg 

CO2/ha. Furthermore, tropical wetlands had an average rate of about 9.27 months to restore their carbon stocks 

to their pre-burnt state. Peatland forests took the longest time to recover to its original carbon stock state after 

burning, which was almost 22 years to recover. 
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INTRODUCTION 

 

According to the Global Lakes and Wetlands 

Database Level 3 (GLWD Level 3), the total 

area of South Kalimantan's wetlands is 8,877.56 

square kilometers (Lehner and Doell, 2004). If 

the total land area of South Kalimantan Province 

is 38,744.23 square kilometers (BPS-Statistics 

of Kalimantan Selatan Province, 2021), it means 

that the wetlands area of South Kalimantan is 

about 23% of the total land area. Although the 

GLWD Level 3 wetlands data is actually 

geospatial data that has a coarse spatial 

resolution of 30 arc-seconds, or about 1 

kilometer (Lehner and Doell, 2004). 
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Therefore, it is possible that the actual wetlands 

in the field are wider than those mapped by GLWD 

Level 3. Of course, as an area around the equator, 

the wetlands in South Kalimantan are tropical 

wetlands, which is dominated by green vegetation 

such as swamp forest, peatland forest, swamp 

shrubs and bushes, mangroves, agricultural crops, 

and so on. 

The main environmental problems faced by the 

province of South Kalimantan and all provinces on 

the island of Kalimantan are the forest and land fires 

that hit some areas during the dry season. Aside from 

humans, the main causes of fires are dry weather 

conditions caused by decreased rainfall (Imanudin et 

al., 2018). Based on the results of Syam'ani (2020), 

most of the forest and land fires in South Kalimantan 

occur in wetland areas. This is, of course, a major 

blow to the vegetation biomass or carbon stocks 

stored in the wetlands of South Kalimantan. Forest 

and land fires will burn carbon stocks contained in 

vegetation biomass and will release these carbon 

stocks in the form of carbon emissions into the earth's 
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atmosphere. The impact of too much carbon 

dioxide in the atmosphere is global warming and 

global climate change. 

One of the specific challenges related to 

carbon emissions from wetland fires is how to 

measure or quantify the carbon emissions 

resulting from the fires. This includes how to 

measure the rate of recovery of carbon stocks or 

wetland vegetation biomass after experiencing 

fires. This is certainly useful for determining 

protection or conservation actions, including 

environmental restoration efforts in the future. 

Some types of wetland vegetation will recover on 

their own in a short time after experiencing fires, 

and some wetland vegetation may take a 

relatively long time to recover after fires. For 

wetland vegetation that takes a long time to 

recover after fires, or even has the potential to not 

recover naturally, of course it requires the role or 

actions of humans to help it recover to its original 

state. Certain wetland vegetation, such as 

agricultural crops, will actually be restored by 

humans through planting activities. 

Various methods can be implemented to 

quantify carbon emissions from wetland fires, 

including measuring the rate of recovery of 

carbon stocks. The most accurate method is, of 

course, field measurements. Namely by 

measuring the biomass of wetland vegetation 

before the fire incident, right after the fire 

incident, and some time when the vegetation 

began to recover after the fire. Of course, field 

measurement is not an efficient process, because 

it will be very time-consuming, labor-intensive, 

and costly. In addition, the measurement 

coverage area will be very limited and sometimes 

we have to use destructive sampling. Another 

method that is considered quite efficient in the 

quantification of biomass or vegetation carbon 

stock is the use of remote sensing technology. 

Several remote sensing satellite imageries 

are available free of charge from the providers 

on the internet. Among them are Landsat series, 

ASTER, Sentinel-2, and Sentinel-3. Sentinel-2 

Multispectral Instrument (MSI) are satellites 

owned by the European Space Agency (ESA). 

Sentinel-2 is a twin satellite, namely Sentinel-2A 

and Sentinel-2B, which is capable of acquiring the 

same location on the earth's surface every five 

days. The ability of Sentinel-2 MSI imagery to 

extract vegetation biomass information is 

unquestionable. Various research results have 

proven this. 

Askar et al. (2018) estimated Above Ground 

Biomass (AGB) on private forest using Sentinel-2 

imagery, and they found a significant correlation 

coefficient (R2) of 0.81. Torabzadeh et al. (2019) 

estimates AGB of vegetation in Zagros Forest, 

Iran, using Sentinel-2. They found R2 of 0.87 and 

Root Mean Square Error (RMSE) of 10.75 ton/ha. 

Imran et al. (2020) used narrow band based and 

broadband derived vegetation indices extracted 

from Sentinel-2 to estimate vegetation biomass in 

Pakistan. They found a correlation coefficient (R2) 

of up to 0.64. Kumar et al. (2021) estimated forest 

AGB using Sentinel-2 in Jharkhand state, India. 

They found an accuracy of up to 90%. Li et al. 

(2021) estimated AGB for Grassland in the 

Shengjin Lake Wetland, China using Sentinel-2. 

They found the correlation coefficient (R2) above 

0.8. 

Chen et al. (2020) used a combination of 

Landsat and Sentinel-2 to estimate the biomass of 

rubber plantations on Hainan Island, China, they 

used Random Forest (RF). The accuracy of the 

estimated biomass resulting from this research 

(R2) of 0.79 and Root Mean Square Error (RMSE) 

of 14 Mg/ha. Pang et al. (2020) estimated grassland 

AGB on the Inner Mongolia Plateau using the 

simulated spectra of Sentinel-2. Their research 

resulted in an accuracy (R2) of 0.95. Chen et al. 

(2021) estimated pasture biomass using Sentinel-2 

imagery and machine learning in Tasmania, 

Australia. Their research yielded an R2 of 0.6. 
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Vuorinne et al. (2021) measured leaf biomass 

of Agave sisalana using Sentinel-2 vegetation 

indices. They yielded 76% accuracy and 

RMSE 5.15 Mg/ha. 

Fang et al. (2021) mapped biomass crops in 

Hebei Province, China, using Sentinel-2 and 

Improved CASA Model. Their research results 

showed an accuracy of 0.7 and 0.73. He et al. 

(2021) mapped crop biomass using Sentinel-2 in 

Manitoba, western Canada. They confirmed that 

the average accuracy value above 80%. Naik et 

al. (2021) used Sentinel-2, RapidEye, and Dove 

satellites to predict forest AGB in the Province of 

Trento, Italy. They showed that for Sentinel-2 it 

had an R2 of 0.53. Kumar et al. (2021) conducted 

a rapid evaluation and validation method of 

forest AGB assessment using Sentinel-2. Their 

research results inform that the Modified Soil 

Adjusted Vegetation Index (MSAVI) (Qi et al., 

1994) transformation method implemented on 

Sentinel-2 imagery is able to provide the most 

accurate AGB calculation results. 

Based on the fact that remote sensing 

technology, such as Sentinel-2 imagery is 

adequate in extracting vegetation biomass 

information from space. Therefore, we will be 

able to calculate the loss of vegetation carbon 

stock, or in other words is the carbon emission, 

in the event of fires. Because carbon stocks have 

a direct correlation with vegetation biomass. This 

research has two objectives. First, to assess the 

quantity of carbon emissions into the earth's 

atmosphere from fires of various types of tropical 

wetland vegetation using Sentinel-2 MSI 

imagery. Second, to assess how fast or how long 

the carbon stock will recover using Sentinel-2 

MSI imagery. 

 

 

MATERIAL AND METHODS 

 

This research was conducted in entire of 

South Kalimantan Province and parts of Central 

Kalimantan Province, as shown in Figure 1. The 

total research area is more than 3,000,000 

hectares. The main reason for choosing this 

research location is that most of the fires in South 

Kalimantan and Central Kalimantan occur in this 

area, and almost the entire area are wetlands. This 

research takes cases of fire disasters that occurred 

in South Kalimantan and central Kalimantan 

during the dry season in 2019. Most of the forest 

and land fires that occurred in 2019 in South 

Kalimantan and Central Kalimantan took place 

in wetlands. It should be emphasized here, that 

we will not calculate the total carbon emissions 

due to fires in an area. What we will calculate in 

this research is how much carbon emissions will 

be contributed by each type of wetland cover 

vegetation. Including how quickly each of these 

vegetation will restore its biomass or carbon 

stock.  

 

 
  Figure 1. Research location 

 

Because this research aims to measure carbon 

emissions resulting from the fires, as well as to 

measure the recovery of carbon stocks after 

experiencing fires, multitemporal imageries from 

three different times are needed. That is before the 

fires (referred as prefires hereafter), after the fires 

(referred as postfires hereafter), and several months 

after the vegetation starts to grow back after the fires 

(referred as regrowth hereafter). For the prefires time, 

taken from the time of the acquisition of Sentinel-2 

imagery on June 30, 2019, because June is usually the 
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end point of the rainy season at the research 

location. For postfires time, taken from the 

acquisition of Sentinel-2 imagery on September 

13, 2019, at this time some research areas had 

experienced fires. For regrowth time, taken from 

the time of the acquisition of Sentinel-2 imagery 

on May 5, 2020, where at this time, most of the 

vegetation has grown back. 

Sentinel-2 MSI imageries used were 

Sentinel-2 MSI level 2A, which means 

atmospheric correction has been made. Of the 

three image acquisition times used, each 

acquisition time required three Sentinel-2 

imageries tiles. Therefore, there were total of 

nine Sentinel-2 imageries required, with total 

imageries capacity of more than nine Gigabytes. 

These imageries processing requires sufficient 

computer resources. Sentinel-2 MSI imagery has 

13 spectral bands, with variations in spatial 

resolution of 10 meters, 20 meters, and 60 meters 

(European Space Agency, 2012). For analysis 

purposes, the spatial resolution of all bands was 

resampled to 10 meters. The entire process of 

processing Sentinel-2 imageries in this research 

was carried out using the European Space 

Agency Sentinel Application Platform (ESA 

SNAP) software. The opensource ESA SNAP 

software is provided by the European Space 

Agency (ESA) at free of charge. This software is 

written using the Java Programming Language. 

Sentinel-2 imageries that had been resampled 

were then mosaiced and stacked, so that all 

imageries from the three acquisition times were 

combined into one file. This is necessary for 

mapping burned areas and analyzing changes in 

biomass or carbon stocks. 

After the preprocessing of Sentinel-2 

imageries is complete, the next step was 

mapping the burned areas. In mapping burnt 

areas, the method used was the Relativized 

Burn Ratio (RBR), which is formulated as 

follows (Parks et. al., 2014): 

𝑅𝐵𝑅 =
𝑁𝐵𝑅𝑝𝑟𝑒𝑓𝑖𝑟𝑒 − 𝑁𝐵𝑅𝑝𝑜𝑠𝑡𝑓𝑖𝑟𝑒

𝑁𝐵𝑅𝑝𝑟𝑒𝑓𝑖𝑟𝑒 + 1.001
 

 

The Normalized Burn Ratio (NBR) was calculated 

as follows (Lopez, 1991; Key and Benson, 1995; 

and Koutsias and Karteris, 2000): 

𝑁𝐵𝑅 =  
𝑁𝐼𝑅 − 𝑆𝑊𝐼𝑅2

𝑁𝐼𝑅 + 𝑆𝑊𝐼𝑅2
 

Where: 

NIR = Near Infrared band of Sentinel-2 (band 8) 

SWIR2 =Shortwave Infrared band of Sentinel-2 

(band 12) 

The RBR resulted a single image with pixel 

values in the range of -0.5 to 1.3. Since Syam'ani 

(2020), used the Otsu thresholding method (Otsu, 

1979) to separate the burned area and unburned 

area on the Sentinel-2 RBR in the same location, 

obtained a threshold value of 0.15, we then used 

a threshold value of 0.15 in present research. In 

the burned areas, purposive sampling will then be 

assigned to each type of wetland vegetation. 

Which includes swamp shrub and bushes, swamp 

grass, swamp forests, peat swamps, peatland 

shrub and bushes, peatland forests, rice fields, 

wetland plantations, and other wetland 

agricultural plants. 

Assuming that the fire event only burned parts 

of the above ground vegetation, then vegetation 

Above Ground Biomass (AGB) was extracted 

from the three acquisition times of Sentinel-2 

imageries using the following formula (Askar et. 

al., 2018): 

 

𝐴𝐺𝐵 =  537𝑁𝐷𝐼45 +  158.42𝐸𝑉𝐼 –  353.66 

 

The Normalized Difference Index 45 (NDI45) was 

calculated as follows (Delegido et. al., 2011):
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Figure 2. Carbon emissions calculation in ESA SNAP software 

 

 
Figure 3. (a) Prefires imagery, (b) Postfires imagery, and (c) Regrowth imagery.
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𝑁𝐷𝐼45 =  
𝑅𝐸1 − 𝑅𝑒𝑑

𝑅𝐸1 + 𝑅𝑒𝑑
 

And the Enhanced Vegetation Index (EVI) was 

calculated as follows (Huete et. al., 2002): 

 

𝐸𝑉𝐼 = 2.5 (
𝑁𝐼𝑅 − 𝑅𝑒𝑑

𝑁𝐼𝑅 + 6𝑅𝑒𝑑 − 7.5𝐵𝑙𝑢𝑒 + 1
) 

Where: 

RE1 = Red Edge 1 band of Sentinel-2 (band 5) 

Red = Red band of Sentinel-2 (band 4) 

Blue = Blue band of Sentinel-2 (band 2) 

 

The AGB formula used in this research will 

produce vegetation biomass in Mg/ha units. 

According to Ma et al. (2018), the percentage of 

organic carbon stored in vegetation biomass 

ranges from 45% in reproductive organs to 

47.9% in stems. For simplicity, we took the 

average value, that was 46.45%. To calculate 

carbon emissions resulting from fires, the method 

was by substracting postfires AGB from prefires 

AGB in burned areas. Meanwhile, to calculate 

the rate of carbon stock recovery, the method was 

by subtracting the AGB regrowth from AGB 

postfires in burned areas, then dividing by the 

time interval from postfires to regrowth. Figure 2 

shows an overview of how the process of 

calculating carbon emissions using the ESA 

SNAP software.  

The carbon emissions was converted into 

carbon dioxide (CO2) equivalent by multiplying 

the results of the calculation of carbon emissions 

by a constant value of 3.67.  

 

RESULTS 

 

Figure 3. shows how atmospheric disturbance 

in the prefires, postfires, and regrowth imageries 

were. The prefires imagery was not the last 

imagery to be acquired at the end of the rainy 

season—in terms of mapping fires and estimating 

carbon emissions from fires as ideal. This 

indicated that after acquisition of the prefires imagery, 

there was rains until the end of the dry season. 

Table 1 shows the estimated results of carbon 

emissions from wetland fires in Mg/ha, as well as 

the rate of recovery of carbon stocks in 

Mg/ha/month. Because the postfires imagery was 

acquired on September 13, 2019, while the regrowth 

imagery was acquired on May 5, 2020, then there 

will be an interval of 235 days or about 7.8 months 

from postfires to regrowth. To calculate the rate of 

recovery of carbon stocks, the result of subtraction 

between regrowth above ground carbon and postfire 

above ground carbon must be divided by 235 days, 

then multiplied by 30 days (assuming the number of 

days in a month). 

For each type of wetland vegetation, such as 

peatland forests, it is certain that there will be 

variations in biomass. Including when fires occur 

in the peatland forests, it is certain that the 

severity of the fires will not be the same 

throughout the peatland forest area. Therefore, 

Table 1 provides information on the range of 

carbon emissions from minimum to maximum, 

and average carbon emissions for each type of 

wetland vegetation. Likewise, information on the 

rate of carbon recoveries, which are also 

presented in the form of a range from minimum 

to maximum and the average value. 

Table 2 is a conversion from Table 1, where 

carbon emissions are converted to CO2 

equivalent emissions in Mg/ha units. Meanwhile, 

the rate of carbon recovery was converted into 

CO2 sequestration in units of Mg/ha/month. 

From Table 2 and Figure 5 it can be seen that the 

sequences of CO2 emissions per hectare were 

other wetland agricultural plants, swamp forests, 

swamp shrub and bushes, and peatland forests. 

Other wetland agricultural plants actually 

produce the largest CO2 emissions per hectare. 

Other wetland agricultural plants referred to here 

are all plantation and agricultural plants other 
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Table 1. Carbon emissions from wetland fires and carbon recovery rate 

No. 
Wetland 

Vegetation Types 

Carbon Emission (Mg/ha) 
Carbon Recovery Rate 

(Mg/ha/month) 

Minimum Maximum Mean Minimum Maximum Mean 

1 Swamp Shrub and 

Bushes 
57.92 195.39 155.76 4.64 23.73 17.35 

2 Swamp Grass 24.64 165.85 73.75 0.91 20.04 7.73 

3 Swamp Forests 146.47 167.13 156.44 7.41 15.16 11.52 

4 Peat Swamps 0.17 44.39 16.59 0.59 14.61 7.10 

5 Peatland Shrub 

and Bushes 
70.66 179.92 136.24 4.24 22.24 14.38 

6 Peatland Forests 115.85 157.29 137.59 0.44 5.93 2.89 

7 Rice Fields 74.85 159.16 126.52 7.89 19.77 14.35 

8 Wetland 

Plantations 
105.48 158.81 133.11 1.52 8.77 5.49 

9 Other Wetland 

Agricultural Plants 
128.41 185.89 159.41 13.99 21.60 18.47 

10 All Wetland 

Vegetation 
0.17 195.39 121.61 0.44 23.73 13.12 

Table 2. CO2 emissions from wetland fires and CO2 sequestration per month 

 

No. 
Wetland 

Vegetation Types 

CO2 Emission (Mg/ha) 
CO2 Sequestration 

(Mg/ha/month) 

Minimum Maximum Mean Minimum Maximum Mean 

1 
Swamp Shrub and 

Bushes 
212.36 716.45 571.10 17.01 87.00 63.60 

2 Swamp Grass 90.34 608.11 270.42 3.35 73.47 28.35 

3 Swamp Forests 537.06 612.80 573.63 27.15 55.60 42.22 

4 Peat Swamps 0.62 162.75 60.85 2.16 53.58 26.04 

5 
Peatland Shrub 

and Bushes 
259.08 659.72 499.56 15.55 81.54 52.71 

6 Peatland Forests 424.79 576.73 504.51 1.62 21.73 10.60 

7 Rice Fields 274.45 583.58 463.90 28.94 72.48 52.62 

8 
Wetland 

Plantations 
386.77 582.29 488.08 5.57 32.15 20.11 

9 

Other Wetland 

Agricultural 

Plants 

470.84 681.59 584.51 51.31 79.21 67.74 

10 
All Wetland 

Vegetation 
0.62 716.45 445.90 1.62 87.00 48.09 
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than rubber plantations and oil palm plantations. 

Rubber and oil palm plantations, whose 

emissions are not as high as other wetland 

agricultural plants, included in the wetland 

plantations class. 

 

 
Figure 4. (a) Burned area from RBR, (b) Burned 

area on postfires imagery, and (c) Regrowth 

imagery 

The result of extracting burned area 

automatically using RBR was shown in Figure 4. 

The result of extracting burned area 

automatically using RBR  actually has one 

drawback. That was, when green vegetation dries 

up, even if it has not burned, it was detected as a 

burned area. This is because the RBR algorithm 

uses chlorophyll-sensitive NIR channels (green 

vegetation). Therefore, when vegetation loses 

chlorophyll, either by burning, cutting down or 

land cleared, or even just dried, it will be 

identified as burned. Thus, in appointing the 

samples in this study, visual justification was 

also involved. This was to distinguish which 

areas had been actually burned, and which areas 

had not been actually burned but were detected 

as burning. 

Even though other wetland agricultural plants 

and swamp shrubs and bushes produce the largest 

CO2 emissions for the average size per hectare, 

as shown in Table 2 and Figure 5, these two types 

of wetland vegetation require a relatively short 

time to recover to their condition back to the time 

before the fire (Table 3). Table 3 showed that 

other wetland agricultural plants only need about 9 

months to recover their biomass or carbon stocks as 

before. Meanwhile, swamp shrubs and bushes need a 

relatively little longer time, that is 8 months to one 

year to get recovered. 

 

 
Figure 5. Average CO2 emissions per hectare 

due to fires in each wetland vegetation 

 

DISCUSSION 

 

One of the recommendations generated from the 

Workshop on Tropical Wetland Ecosystems of 

Indonesia is, remotely sensed determinations of 

landuse and landcover change supported by 

ground-truth data should be extensively used to 

reduce current uncertainties in quantifying the 

extent and carbon stock changes in tropical 

wetlands (Murdiyarso et al., 2012). Even though 

there is no direct field measurement in this 

research, the AGB estimation model used in this 

research was developed based on ground truth. 

Indeed, in the future it is necessary to conduct 

further studies on the use of remote sensing 

technology supported by field data in order to 

estimate the total biomass, not only AGB as in this 

research. Given that fires in tropical wetlands, 

particularly on peatlands, do not only occur above 

ground but also in peat soils. In fact, underground 

fires on peatlands can emit more than 100 Mg/ha 

of carbon (Sirin et al., 2021). 

Ballhorn et al. (2009) reported carbon 

emissions from fires throughout Indonesia in 2006 

was 0.25 Giga tons, from an area of 1,331,367 

hectares. This means that carbon emissions 

resulting from peatland fires were around 187  
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Mg/ha, or equivalent to 685.67 Mg/ha CO2.   

Mg/ha or equivalent to 685.67 Mg/ha CO2.  

While Vásquez et al. (2020) estimates that 

CO2 emissions from peat combustion in wildfires 

on Indonesian peatlands are 842 Mg/ha. These 

figures are more than we estimated in this 

research. Where in this research, peatland forests 

are estimated to emit only 504.51 Mg/ha of CO2 

gas into the atmosphere, as shown in Table 2. 

This can be understood because in this research 

we are only limited to measuring carbon 

emissions from aboveground fires, not to 

underground fires. 

The results of this research show that 

overall, fires in tropical wetlands produce CO2 

emissions of 445.9 Mg/ha on average.  

 

 

Sometimes it is difficult for us to imagine, the 

mass of 445.9 tons of carbon dioxide is how big it 

is. It would be easier to imagine it in terms of 

volume. The carbon dioxide gas emission units can 

be converted from mass units to volume units. 

According to the International Carbon Bank and 

Exchange (https://www.icbe.com), the formula for 

converting a mass of CO2 gas into a volume of CO2 

gas is as follows: 

 

Volume of CO2 gas (m3)  

=  Mass of CO2 gas (Mg) x 22.73 moles x 24.47 L

/mole 

From Table 2, we can see that overall tropical 

wetland fires produce CO2 emissions of 445.9 

Mg/ha on average. If we convert this quantity to 

volume, the result will look like this: 

 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐶𝑂2 𝑔𝑎𝑠 (𝑚3)  

=  445.9 𝑥 22.73 𝑥 24.47

=  248,010.96 𝑚3 ℎ𝑎⁄  

Table 3. The length of time for wetland carbon recovery to return to its original vegetation state 

No

. 
Wetland Vegetation Types 

Fastest 

carbon 

recovery 

time 

(months) 

Longest  

carbon 

recovery 

time 

(months) 

Average  

carbon 

recovery 

time 

(months) 

Recovery 

Methods 

1 Swamp Shrub and Bushes 8.24 12.48 8.98 Natural 

2 Swamp Grass 8.28 26.98 9.54 Natural 

3 Swamp Forests 11.02 19.78 13.59 Natural 

4 Peat Swamps 0.29 3.04 2.34 Natural 

5 Peatland Shrub and Bushes 8.09 16.66 9.48 Natural 

6 Peatland Forests 26.54 261.60 47.59 Natural 

7 Rice Fields 8.05 9.48 8.82 Cultivation 

8 Wetland Plantations 18.11 69.45 24.27 Cultivation 

9 Other Wetland Agricultural Plants 8.61 9.18 8.63 Cultivation 

10 All Wetland Vegetation 0.38 8.24 9.27 
Natural and 

cultivation 
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The results of the conversion into volume 

units show that tropical wetland fires produce 

CO2 emissions of 248,010.96 m3/ha. A sphere 

with a diameter of 10 meters will have a volume 

of about 105 m3. So that the volume of CO2 

248,010.96 m3 is equivalent to 2,362 gas spheres 

with a diameter of 10 meters each. Imagining in 

the real world there are 2,362 gas spheres with a 

diameter of 10 meters each, released into the air 

during wetland fires might sound a little awful. 

Of course, this is only a prediction and 

measurement approach. Furthermore, the release 

of CO2 emissions does not occur simultaneously 

at the same time, but takes place gradually 

throughout the process of fires. 

Overall, as shown in Table 3, wetland 

vegetation takes an average of more than 9 

months to recover its carbon stocks. Some of the 

vegetation will recover naturally, and some will 

be restored through cultivation, as well as 

agricultural land. Wetland vegetation that takes a 

long time to recover its carbon stocks are swamp 

forests and peatland forests. Swamp forests take 

a maximum of about 20 months, or an average of 

more than 1 year, to recover. What is quite 

worrying based on the results of this research are 

peatland forests, which on average take almost 48 

months or 4 years to recover. And a maximum of 

more than 260 months or almost 22 years to 

restore the carbon stock back to its original state. 

Of course, what is meant here is above ground 

carbon. We can fully understand why swamp 

forests and peatland forests need a long time to 

recover the biomass, considering that both types 

of wetland vegetation are dominated by trees. 

Wetland plantations referred to in this 

research are rubber plantations and oil palm 

plantations. Wetland plantations take about 1.5 to 

almost 6 years to recover to their initial biomass 

after burning. The time span is quite long, this is 

because the rubber plantations or oil palm 

plantations that are burned are at various stages 

of growth. If the burned rubber or oil palm is a 

young plant, it may only take about a year to 

recover. However, plants that are mature enough of 

course need a long time to recover as before. Based 

on the appearance of the burned area in the 

Sentinel-2imagery, most of the rubber plantations 

and oil palm plantations that were burned were still 

small plants or newly planted plants. This is of 

course considering that mature rubber or oil palm 

plants will get extra care from their garden owners 

so they don't burn. Furthermore, for wetland 

vegetation such as wetland plantations, swamp 

forests, or peatland forests, it is possible that only 

understorey plants or shrub and bushes may be 

burned under the stands. 

The fastest recovery of carbon stocks came 

from peat swamps and rice fields. Considering that 

both types of vegetation or landcover are 

dominated by herbaceous plants, with very few 

woody plants. What needs to be understood is that 

peat swamps and rice fields have actually been 

emitting carbon into the atmosphere since the 

swamps began to dry up, even though the plants 

have not been burned. Especially for rice fields, the 

recovery is human cultivation. At the research site, 

the rice planting season generally takes place from 

February to April for each year. Considering that 

the regrowth imagery used in this research was 

acquired in May, the rice fields have recovered, 

even though the plants are not yet mature. That is 

why in this research, rice fields are estimated to 

take an average of more than 8 months to recover 

their carbon stocks. 

 

CONCLUSSIONS 

 

In general, tropical wetlands produce carbon 

emissions of 121.61 Mg/ha, or the equivalent to 

445.9 Mg/ha of CO2 gas. Wetland vegetation that 

produces the largest carbon emissions are other 

wetland agricultural plants, swamp forests, swamp 

shrubs and bushes, and peatland forests. Tropical 

wetlands take an average of more than 9 months to 

recover their carbon stocks. Peat swamps, rice 
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fields, swamp shrubs and bushes, and other 

wetland agricultural plant, require a fairly short 

time to restore their carbon stocks to their 

original state when they were not burned. 

Wetland vegetation types that take a long time to 

recover are swamp forests and peatland forests. 

Peatland forests take about 2 to 22 years to be 

able to restore carbon stocks, and this is only to 

restore carbon stocks above the ground surface. 

Because the carbon stock below the ground 

surface is beyond the scope of this research. In 

the future, a more comprehensive study may be 

needed to assess the total carbon emissions from 

wetland fires. Furthermore, because the method 

implemented in this research is completely based 

on remote sensing technology, of course, this 

method is able to simultaneously provide 

information over a very wide area and in a very 

efficient way. 
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