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A B S T R A C T 

The expansion of agricultural commodities including oil palm plantations 

potentially causes an increase of greenhouse gas emissions by amplifying 

carbon dioxide (CO2) in the atmosphere. In the long term, this amplification 

will alter climate change. However, oil palm also has the potency to reduce 

greenhouse gas emissions by absorbing CO2 through photosynthesis. This 

study aims to determine the carbon stock that can be absorbed by oil palm 

and rubber plants, and to determine the relationship of rainfall with carbon 

stock in oil palm plants. The study used satellite image data based on Landsat 

and combined with rainfall data from near Perbaungan District, North 

Sumatra.  Three Landsat data (acquisition date: (i) 12 February 2000, (ii) 8 

March 2009, and (iii) 11 August 2019) were processed to estimate carbon 

stock. The procedure for estimating carbon stock was as follows: determining 

the sample and digitizing the sampling points, converting the digital value of 

the numbers into the spectral spectrum, calculating the albedo values, 

calculating the long-wave and short-wave radiations, computing biomass, and 

the absorbed carbon stock. The results showed that the carbon stock in oil 

palm was greater than that of rubber plants as oil palm has a greater biomass. 

The greater the plant biomass, the bigger the carbon stock absorbed. Further, 

the findings revealed that rainfall in dry season has a contribution to carbon 

stock in oil palm and rubber. The higher the total rainfall during dry season 

will increase the absorbed carbon stocks. 
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INTRODUCTION 

Oil palm and rubber plants are the most 

important foreign exchange in Indonesia, and the most 

profitable crops for smallholder and plantation com-

panies. Their high economic attractiveness leads them 

growing and expanding rapidly in Indonesia. For 

instance, the expansion of oil palm area reached about 

14,030,600 ha (BPS, 2018a), while the area of rubber 

was about 3,549,044 ha (BPS, 2018b). The expansion of 

both crops has altered land-uses in Indonesia, which 

influenced carbon dynamics in land (Finstad et al., 2020; 

Toru and Kibret, 2019) leading to an increased carbon 

dioxide in atmosphere (Arneth et al., 2017; Burton et al., 

2017; Ishikura et al., 2018). In addition, land-use change 

has altered hydrological processes by decreasing infil-

tration in their oil palm ecosystem, which declines water 

availability (Guzha et al., 2018; Manoli et al., 2018). 

Land-use change associated carbon emission is 

seriously environmental issues. Carbon in the atmos-

phere may be absorbed by oil palm through its growth 

and development (Cook et al., 2018; Meijide et al., 

2020). Climate is one of the factors determine oil palm’s 
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growth, development, and crop production (Paterson 

et al., 2015). Rainfall is the most climate variables that 

affects oil palm. For instance, rainfall determines 

nutrient dynamics and leaching in oil palm ecosystem 

(Darlita et al., 2017). The higher rainfall is, the more 

nutrient leaching occurs in soil, especially for nitrogen 

nutrients. Highly leaching of nitrogen affects growth 

and development of oil palm in particular for flowering 

process (Mohidin et al., 2019). 

Nitrogen nutrient plays an important role in 

vegetative growth and biochemical processes of oil 

palm, including in the process of photosynthesis. 

Nitrogen itself is an important constituent of chlo-

rophyll. The process of photosynthesis plays a major 

role in plant growth and development to build plant 

biomass (Behera et al., 2017). The high biomass repre-

sents highly absorbed carbon in oil palm (Rachdian and 

Setiawan, 2018). According to Carlson et al., (2012), 

more than 75% of gross carbon emissions from oil palm 

were sourced from clearing of above ground biomass 

in intact, logged, and secondary forests on mineral soils. 

Peatland deforestation and draining for oil palm contri-

buted relatively few gross emissions (10% and 11%, 

respectively). The emission factor for peat oxidation for 

oil palm plantations operating on peat soils was 43 Mg 

CO2 ha-1 years-1, while the greenhouse gases emission 

factors for peat fires, when establishing oil palm planta-

tions in swamp forest based on above ground carbon 

(AGC) estimates was 333 Mg CO2 ha-1 and swamp 

shrubland was 110 Mg CO2 ha-1 (Agus et al., 2013). 

Oil palm is an annual plant, which absorbs CO2 

through photosynthesis. Through photosynthesis, CO2 

is absorbed and converted by plants into organic 

carbon in the form of biomass (Kii et al., 2020). Current 

estimate indicated that absorbed CO2 by oil palm that 

was converted into biomass was 6.1 ton C ha-1 year-1 

(Pulhin et al., 2014). Other study reported that biomass 

of oil palm was 223.68 kgCtree-1 or equivalent to 28.63 

ton C ha-1 (Siswoko et al., 2017), which is equal to 

104.97 ton CO2 ha-1. Previous researches showed that 

oil palm has a potency to absorb carbon (Austin et al., 

2017; Besar et al., 2020; Khoon et al., 2019; Kii et al., 

2020). In order to utilize the function of oil palm plants 

as carbon sinks, it is necessary to quantify how much 

carbon can be absorbed and stored in oil palm 

ecosystem. Therefore, the study aims to identify how 

much absorbed carbon under oil palm and rubber 

plants, and to quantify the relationship between rainfall 

and absorbed carbon in oil palm and rubber. 

RESEARCH METHODS 

Study Area 

This study was carried out in oil palm plantation 

in North Sumatra. We chose Kebun Melati as location 

for sampling activities. Kebun Melati is located in 

Perbaungan District, Serdang Bedagai Regency, North 

Sumatra. Typically, the soil types found in the planta-

tion were: Typic Hapludalf, Typic Ochraaquult, and Acric 

Tropaquent. Geologically, this area was classified into a 

quaternary formation with Alluvium as the parent 

material. The area receives rainfall as much of 1,707 mm 

annually. The area of plantation was 24,953.31 ha, 

which was divided into three blocks (called as afdelling). 

In 2000, the area was firstly planted with rubber. Then, 

since 2001 oil palm replaced the rubber. The planting 

distance for rubber was 4 x 5 meters, whereas the 

planting distance of oil palm was 9 x 9 meters. 

Data and Analysis 

Data collection was carried out in Kebun Melati, 

Perbaungan District, North Sumatra from August to 

December 2019. We sampled 50 oil palm plants to 

collect diameter of breast height (DBH) and height of 

plants. Each sample location was marked using global 

positioning system (GPS) to obtain its coordinate point.  

Totally, there were three Landsat images used in 

this study. The two images were from Landsat 5 (date 

acquisition: 12 February 2000 and 8 March 2009, 

path/row 129/58), and one image from Landsat 8 (date 

acquisition: 11 August 2019, path/row 129/58). In 

addition to image data, rainfall data representing the 

year of Landsat data used were collected. For 2000, we 

collected monthly rainfall data from August 1998 - July 

2000, for 2009 we used rainfall data from August 2007 

- July 2009. Then for 2019, rainfall data from August 

2017 - July 2019 were used. The rainfall data was based 

on NOAA products, which is available online from 

www7.ncdc.noaa.gov/CDO/cdo. All images and rainfall 

data were cropped with Kebun Melati coordinate 

(3.473o - 3.565o N and 98.011o - 99.011o E). 

Carbon Stock Estimation Based on Satellite Images 

1. Sampling points 

There were 50 sampling points in Kebun Melati 

to derive carbon biomass. Based on Landsat satellite 

images, the land use in 2000 was rubber plants, then 

the land use was oil palm in 2009 and 2019.  

2. Radiometric correction 

There are two types of atmospheric correction 

for satellite image data, both in Landsat 5 and Landsat 

8, namely top of atmosphere correction (ToA) and 

bottom of atmosphere correction (BoA). ToA is usually 

used to eliminate radiometric distortion due to the 

sun's position. ToA correction is carried out through 

radiometric calibration by converting the digital num-

ber value to a reflectance or radian value (Dewanti and 

Sari, 2017). Meanwhile, BoA correction is obtained from 

atmospheric correction. Spectral radiation is the range 
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of radiation values reflected by the object as shown in 

Equation (1) (Avdan and Jovanovska, 2016): 𝐿λ = 𝐺𝑟𝑒𝑠𝑐𝑎𝑙𝑒 × 𝑄𝑐𝑎𝑙 + 𝐵𝑟𝑒𝑠𝑐𝑎𝑙𝑒  (1) 

Lλ is spectral radiance value (W m-2 sr-1 μm-1), Grescale is 

rescaling factors for each band (W m-2 sr-1 μm-1), Qcal is 

pixel value in the image digital number (DN), and Brescale 

is rescaling factors (W m-2 sr-1 μm-1) for each channel. 

3. Calculation of albedo  

Albedo is the ratio of reflected shortwave 

radiation to the incoming solar radiation (Gul et al., 

2018). The albedo is influenced by the physical pro-

perties of the Earth's surface, for instance color of the 

surface. Other factor influencing albedo is the sun’s 
zenith angle. Under the same conditions, the albedo 

will decrease as the sun's zenith angle increases. The 

albedo was estimated using Equation (2) (Uttaruk and 

Laosuwan, 2016): α = 3.14×𝐿λ×𝑑2𝐸𝑆𝑈𝑁λ×cos 𝜃𝑠  (2) 

α is albedo, Lλ is a spectral radiation (W m-2 sr-1 μm-1) 

derived from Equation (1), 𝑑 is earth-sun distance 

(astronomical units), ESUNλ is exoatmosphere mean of 

solar radiation (W m-2 μm-1), and 𝜃s is sun's zenith angle 

(degree). 

4. Calculation of outgoing longwave radiation  

The outgoing longwave radiation is an electro-

magnetic radiation with wavelengths between 3.0 and 

100 μm, which is emitted from the earth into outer 

space in the form of thermal radiation. This typical 

radiation involves the processes of absorption, scat-

tering and emission from atmospheric gases, aerosols, 

clouds, and Earth surfaces. The outgoing longwave 

radiation (Rsout) is calculated with Equation (3) (USGS, 

2016): 𝑅𝑠𝑜𝑢𝑡 = 𝜀𝜎𝑇𝑠4 (3) 𝜀 is emissivity, Ts is temperature of surface (K), and 𝜎 is 

Stefan-Boltzman constant (5.67x10-8 W m-2 K-4). 

5. Calculation of incoming shortwave radiation 

The incoming shortwave radiation was estimated 

based on albedo value. The value of shortwave 

radiation received by the surface can be obtained by 

Equation (4) (USGS, 2016): 𝑅𝑠𝑖𝑛 = 𝑅𝑠𝑜𝑢𝑡α   (4)   𝑅𝑠𝑖𝑛  is an incoming shortwave radiation to the earth 

surface, 𝑅𝑠𝑜𝑢𝑡 is an outgoing shortwave radiation, and α is albedo value. 

6. Calculation of leaf area index (LAI) 

In the study, LAI value was required to derive 

biomass. To obtain LAI, we estimated the greenness of 

vegetation by normalized difference vegetation index 

(NDVI). NDVI is a standard method to estimate chloro-

phyll content in vegetation (Amliana et al., 2016). 

Estimation of NDVI is obtained using Equation (5) (e.g. 

Cao et al., 2018; Chu et al., 2019; Duan et al., 2017): 𝑁𝐷𝑉𝐼 = 𝑁𝐼𝑅−𝑅𝐸𝐷𝑁𝐼𝑅+𝑅𝐸𝐷 (5) 

NIR is near infrared band (band 3), RED represent red 

spectral of band 4 from Landsat image. NDVI ranges 

from -1 to 1. A high index value indicates that the 

vegetation is dense. The estimation of LAI value from 

the NDVI value is obtained using Equation (6) (Twele et 

al., 2008): 𝐿𝐴𝐼 =  −0.392 + (11.543 × 𝑁𝐷𝑉I)  (6)  

7. Biomass estimation  

The potency of biomass is determined by the 

radiation use efficiency (ɛ) and the intercepted radia-

tion (Qint). Equation (7) describes the calculation of bio-

mass based on Beer's law approach. 𝐵𝑏 =  𝐸 × 𝑄𝑖𝑛𝑡  =  𝐸(1 − 𝑒−𝑘 𝐿𝐴𝐼) 𝑅𝑠𝑖𝑛 (7) 𝐵𝑏 is potential biomass production (kg ha-1 day-1), 𝐸 is 

radiation use efficiency (kg MJ-1), 𝑄𝑖𝑛𝑡  is interception 

radiation (MJ m-2), and 𝑘 is extinction coefficient. The 

value of radiation use efficiency for oil palm is about 1.3 

g MJ-1 while the extinction coefficient value is 0.46 

(Perez, 2017). 

8. Estimated carbon stock 

In general, plants absorb carbon dioxide for 

photosynthesis, then convert it into organic carbon in 

the form of biomass. The carbon content in biomass at 

a certain time is known as carbon stock (Rahaju, 2008; 

Srinivas and Sundarapandian, 2019). The carbon stock 

( 𝐶𝑒𝑠𝑡 , ton ha-1) then is calculated by Equation (8) 

(Supriadi, 2012): 𝐶𝑒𝑠𝑡 = 𝐵𝑏 × 𝐶. 𝑂𝑟𝑔𝑎𝑛𝑖𝑐  (8) 𝐵𝑏 is total biomass (ton plant-1) and 𝐶. 𝑂𝑟𝑔𝑎𝑛𝑖𝑐 is 47% 

(Azham, 2015) for oil palm trees, while for rubber plants 

was 46% (Supriadi, 2012). 

Validation of Carbon Stocks 

We sampled 50 oil palm plants in 2019 from 

three blocks (called as afdelling) in Kebun Melati. In 

afdelling 1 and 2, we collected samples from oil palm 

plants, which was planted on 2001, 2011, and 2013. For 

afdelling 3, there were four year of planting namely 

2001, 2008, 2012, and 2013. In each sample we 

measured the diameter of breast height (cm) and 

height of oil palm plant (m). The dry biomass of oil palm 

then estimated based on allometric approach (Yulianto 

et al., 2016) as presented in Equation (9). 𝐵𝑘 =  0.002382. 𝐷23385. 𝐻0.9411 (9) 𝐵𝑘 is tree dry biomass (ton tree-1), 𝐷 is diameter of the 

stem with midrib at breast height measured as perpen-

dicular to the stem (cm), and 𝐻 is oil palm plant free 

https://translate.googleusercontent.com/translate_c?client=srp&depth=1&hl=id&prev=search&rurl=translate.google.com&sl=en&sp=nmt4&tl=id&u=https://en.m.wikipedia.org/wiki/Electromagnetic_radiation&usg=ALkJrhiSBUm6oVM4SDstJzf1lKUpSVbPfw
https://translate.googleusercontent.com/translate_c?client=srp&depth=1&hl=id&prev=search&rurl=translate.google.com&sl=en&sp=nmt4&tl=id&u=https://en.m.wikipedia.org/wiki/Electromagnetic_radiation&usg=ALkJrhiSBUm6oVM4SDstJzf1lKUpSVbPfw
https://translate.googleusercontent.com/translate_c?client=srp&depth=1&hl=id&prev=search&rurl=translate.google.com&sl=en&sp=nmt4&tl=id&u=https://en.m.wikipedia.org/wiki/Thermal_radiation&usg=ALkJrhjRMOo0FvfUWPzy-b8_zhxhEiqqMg
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height (m). The actual biomass is then calculated with 

Equation (10).  𝐵𝑝 = ∑𝑛 𝐵𝑘900 × 10000   (10) 𝐵𝑝 is total actual biomass (ton ha-1), 𝐵𝑘 is dry biomass 

(ton tree-1) from Equation (9), 900 is plot area (m2), and 𝑛 is number (trees plot-1). The actual carbon (𝐶𝑎𝑐𝑡 , ton 

ha-1) stock in oil palm and rubber plants was calculated 

using Equation (11). 𝐶𝑎𝑐𝑡 = 𝐵𝑝 × 𝐶. 𝑂𝑟𝑔𝑎𝑛𝑖𝑐  (11) 

The 𝐶. 𝑂𝑟𝑔𝑎𝑛𝑖𝑐  is the same as Equation (8). Then we 

performed paired t-test between the estimated carbon 

stock ( 𝐶𝑒𝑠𝑡 ) and the actual carbon stock ( 𝐶𝑎𝑐𝑡 ) to 

validate the result. Data image analysis was performed 

in ArcGIS platform, whereas statistical analysis was 

done in Minitab 17.1  

RESULTS AND DISCUSSIONS 

Changes in Carbon Stocks 

Land-use and land-use changes will affect the 

dynamics of carbon stock in a land. Carbon stock is also 

influenced by the density of vegetation. In our study 

area, the carbon stock varied between land-uses and 

planting year of oil palm. Changes in carbon stocks in 

Kebun Melati based on actual measurement and esti-

mation are presented in Figure 1.  

Based on our measurements, the finding showed 

that there was an increase of carbon stock from 18.43 

ton ha-1 in 2000 to 22.52 ton ha-1 in 2009. Then it 

became almost double (mean = 41.47 ton ha-1) in 2019. 

The increased carbon stock from 2000 to 2009 occurred 

due to the conversion of rubber to oil palm. Biomass 

from oil palm was typically higher than that of rubber. 

Other factor influencing low carbon stock in rubber was 

plant population. The low population of rubber plant at 

the beginning of the year 2000 led to a change in 

commodities from rubber to oil palm. In 2000, the 

population of rubber was 69.73%, whereas in 2009 the 

oil palm population was dominant (75.91%). The high 

carbon stock in 2019 was corresponded to growing and 

development of oil palm.    

With increasing age of oil palm, the biomass 

automatically increases. The bigger the plant biomass 

is, the higher the potential carbon stock will be. Our 

statistical analysis suggested that the outcome of 

estimated carbon stock was reliable as indicated by 

small p-value (0.472). Figure 2a shows the relationship 

between the estimated carbon stock (y-axis) and the 

actual carbon stock (x-axis) from field measurement. 

 

Figure 1 Potential estimats of carbon stock (ton ha-1) in oil palm and rubber

Distribution data presented in Figure 2a indi-

cated that there is no heteroscedasticity between the 

estimated carbon stock and the actual carbon stock in 

2019. Most of data tend to close to the 1:1 line, 

indicating that the estimated value is getting closer to 

the actual value. Heteroscedasticity is one of the 

regression model deviations, where there is an in-

equality of variance from one residual observation to 

another (Ghozali, 2016).  

The high carbon stock is associated with the 

intensified photosynthetic activity and a good response 

to environmental conditions. A well-managed oil palm 

can absorb more carbon than upland secondary forest 

plants. For instance, the oil palm, which is more than 

10-year old is able to store carbon stock about 79.83 

ton ha-1 (Rachdian and Setiawan, 2018). 

The growth and development of oil palm are 

associated with the increasing rate of plant photosyn-
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thesis. According to Moonmoon et al., (2017), photo-

synthesis will affect plant dry weight. Dry weight is part 

of the efficiency of absorption and utilization of solar 

radiation available during the planting season. The 

increased dry weight indicates a growing of radiation 

use efficiency by plant canopy, which leads to the rise 

of assimilate.  

The increase of carbon stock depends on the 

nitrogen availability within plant biomass. Nitrogen 

fertilizers potentially raise the following morphology of 

oil palm: plant height, midrib length, stem circum-

ference, and leaf area (Albari, 2018). The changes in 

carbon stocks are closely related to the changes in 

land-use and land cover per period of time in an oil 

palm. The denser the vegetation, the greater the poten-

tial for carbon stock. 

Rainfall and Carbon Biomass 

Climate and weather are the main factors con-

trolling growth and development of oil palm. Rainfall 

determine not only growth and development, but it 

affects the production of oil palm as well (Eycott et al., 

2019). In other hand, plant growth and development 

will affect carbon uptake by plants (Rosenani et al., 

2016). The relation between the average rainfall and the 

carbon stock of oil palm is presented in Figure 2b. 

Figure 2b indicates that there is a linear 

relationship between average monthly rainfall (August 

1998-July 2000, August 2007-July 2009, and August 

2017-July 2019) and the actual carbon stock (50 

samples). An increased rainfall will contribute to the 

high carbon stock within oil palm. Previous research 

revealed that rainfall affects the amount and quality of 

organic residues produced  (Shi, 2020). In addition, 

rainfall influences the rate of decomposition of organic 

matter (Chen et al., 2016). Generally, high rainfall is 

associated with relatively high vegetation growth, 

which affects the increase in input and accumulation of 

organic matter. One research pointed out that carbon 

density was significantly higher in areas with monthly 

rainfall >500 mm compared to that of monthly rainfall 

<500 mm (Jeong et al., 2017). A linear correlation 

between plant biomass and carbon stock is presented 

 
Figure 2 (a) Estimated and actual carbon stock in 2019 (ton ha-1), (b) monthly rainfall and estimated carbon stock, (c) 

biomass and carbon stock of estimated sample yields, and (d) biomass alleged crop (ton ha-1). 

in Figure 2c. It shows that plant biomass will have an 

effect on the carbon stock absorbed by plants. If the 

plant biomass increases, the plant carbon stock will rise. 

The existing plants in 2009 and 2019 were 

dominated by oil palm, whereas in 2000 it was a rubber 

plant. Therefore, the plant biomass in 2009 and 2019 

was higher than in 2000. The less biomass in 2000 was 

caused by the low population of rubber plants. The 

actual and estimated plant biomass in Kebun Melati 

were presented in Figure 2d. There was an increase in 
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the average plant biomass from 40.03 ton ha-1 in 2000, 

to 47.94 ton ha-1 in 2009, then almost double (88.23 ton 

ha-1) in 2019.  

The potential carbon stock of oil palm plants in 

Kebun Melati for 2019 (age = 19 years old) was 41.47 

ton ha-1 and for 2009 (age = 9 years old) was 22.52 ton 

ha-1. The finding was similar to previous research (Purba 

et al., 2019), which stated that the carbon stock of oil 

palm at 10 years old was 24.91 ton ha-1. 

Average monthly rainfall in Kebun Melati for 

2000 was 206 mm month-1. In 2009 and 2019, the 

monthly rainfall was higher than in 2000, namely 212 

mm and 227 mm, respectively. High rainfall triggered 

great absorption of carbon by oil palm ecosystem. This 

result was in line with previous research in India (Rakesh 

et al., 2020).  

Rainfall has a direct impact on growth and 

development of oil palm. Period of low rainfall affected 

biomass of oil palm by decreasing the number of leaves 

and female flowers (Agustiana et al., 2019). Other 

research confirmed that low rainfall has caused distur-

bance on oil palm leaves (Darlan et al., 2016). They also 

reported that prolonged low rainfall leads to drought 

stress, which declined oil palm productivity also report-

ed in Southern Sumatra. Technical measures that can 

minimize the impact of drought stress are practically 

research challenges, such as application of proper post-

drought cultivation techniques, fertilization, system 

development, and soil and water conservation. 

CONCLUSIONS 

Oil palm stored much more biomass compared 

to rubber. Carbon stock for 9 years old of oil palm was 

22.52 ton ha-1, and 41.47 ton ha-1 for 19 years old. 

Population density influences how much carbon that 

can be stored in ecosystem. Rainfall also affected the 

capability of oil palm ecosystem to absorb carbon. High 

rainfall means that more carbon will be stored.  
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