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Abstract—The development of sensor-based techniques has 

been allowing advanced studies for agriculture’s decision 

support systems. This paper discusses an innovative sensor-

based method for the evaluation of CO₂ sequestration potential 

from the atmosphere by agricultural crop environments. This 

study has led to new insights into the management of crop 

fields for food and biomass production for energy. It also 

brings together information related to the carbon 

sequestration potential, which can allow opportunities not only 

for the use of sensors and related techniques in soil science but 

also for value aggregation for the agricultural process and 

environmental care. For validation, an experimental maize 

crop area has been used. Besides, studies about atmospheric 

carbon sequestration potential were evaluated. Such analyses 

have become possible by using vegetation indexes related to the 

normalized difference vegetation and the modified chlorophyll 

absorption in reflective, both calculated with data acquired 

using a multispectral sensor. In addition, three other sensors 

have been used for solar light intensity, soil water content, and 

air temperature measurements. Results have shown the spatial 

variability of the carbon sequestration potential, as well as its 

temporal variability when considering different 

phenomenological phases of the maize culture. Furthermore, a 

positive correlation with plant management and the carbon 

sequestration potential has been found, i.e., leading to an 

adequate new sensor-based descriptor for atmospheric carbon 

sequestration by plants evaluation. 

Keywords-light-band sensors, carbon sequestration, 

agricultural sensor, intelligent instrumentation. 

I.  INTRODUCTION 

Atmospheric carbon sequestration is the process of 
capturing and storing carbon dioxide (CO2) from the air. It is 
a way to reduce the amount of CO₂ in the atmosphere and 
slow climate change occurrences. CO₂ sequestration by 
living organisms can be stored in plants, animals, soil, 
oceans, and other bodies of water, like lakes, rivers, and 
watersheds. In fact, this can be done based on reforestation, 
agricultural crops, and wetland restoration, i.e., considering 
sustainable management and good environmental practices 
[1]. In addition, it is important to observe that still there are 
other methods related to the use of technologies that extract 
CO₂ directly from the atmosphere.  

Beyond considering the use of agricultural crops for 
food, fiber, and biomass energy production, atmospheric 
carbon sequestration can also be considered. To get a better 
understanding of this process, one may think of the concepts 
related to photosynthesis [2]. Photosynthesis is a 
photochemical reaction. It uses light energy to convert 

carbon dioxide and water into oxygen and glucose. 
Photosynthesis is also observed in other organisms besides 
green plants. These include several prokaryotes, such as 
cyanobacteria, purple bacteria, and green sulfur bacteria. 
These organisms exhibit a photosynthesis system just like 
green plants. The glucose produced during photosynthesis is 
then used as a carbon source and fuel for various cellular 
activities and growth. The by-product of this physiochemical 
process is oxygen [3]. 

The leaves of plants contain microscopic cellular 
organelles known as chloroplasts. Each chloroplast contains 
a green-colored pigment called chlorophyll. In fact, 
chlorophyll molecules absorb light energy, whereas carbon 
dioxide enters the leaves through the tiny pores of stomata 
located in the epidermis [4]. 

The glucose produced in photosynthesis is then sent to 
the roots, stems, leaves, fruits, flowers, and seeds. In other 
words, the plants use this sugar as an energy and carbon 
source, which helps them to grow. Glucose molecules, water, 
and other nutrients are used in several biochemical 
processes, producing a larger number of small organic 
compounds as well as more complex carbohydrates like 
cellulose and starch.  

The following factors can affect the photosynthesis 
process, which means light intensity, concentration of CO₂, 
temperature, water availability, and air pollution, since 
pollutants and other particulates may settle on the leaf 
surface, blocking the pores of stomata [5].  

Increasing either the light intensity or the CO₂ 
concentration in the air results in raising the photosynthesis 
rate. On the other hand, low light intensity or low CO₂ 
concentration results in a lower photosynthesis rate, 
respectively. For efficient photosynthesis processes, it is 
important to have a temperature range between 25°C and 
35°C.  

Likewise, since water is an important factor in 
photosynthesis, its deficiency can lead to problems in the 
intake of CO2. This occurs due to the fact that low water 
availability from soil leads to the refusal of stomatal opening 
to retain the amount of water they have stored inside.  

However, despite these factors being critical, the 
chlorophyll content in the leaves must be evaluated to 
estimate the potential of crops for carbon sequestration from 
the atmosphere.  

Chlorophyll is a green pigment found in the chloroplasts 
of the plant cell and in the mesosomes of cyanobacteria. In 
fact, they are used by plants and bacteria to absorb energy 
from sunlight. Most land plants have two forms of 
chlorophyll, designated as A and B. In such a context, 
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differences permit the absorption of different wavelengths of 
light. Figure 1 shows a typical chlorophyll chemical structure 
found in plants [6]. 

 

 
 

Figure 1.  The typical structure of Chlorophyll A in plants [6]. 

 
The adequate estimation of leaf chlorophyll content is 

also important in monitoring the growth status of plants in 
agriculture, such as, for instance, in maize production based 
on precision farming management. Therefore, for the 
evaluation of chlorophyll content in plants, one may use 
different vegetation indexes, which can be obtained based on 
the use of multispectral data collected with adequate sensors. 

This paper presents a sensor-based method for 
atmospheric CO₂ sequestration potential evaluation in 
agricultural crop management. 

After this introduction in Section I, this paper is 
structured as follows. Section II presents the materials and 
methods, including not only the used materials and the 
agricultural experiments' descriptions for the method's 
validation but also the adopted sensor-based architecture and 
the computational model for the CO₂ sequestration potential 
index evaluation by crops. Section III presents the results and 
discussions based on the evaluation of atmospheric carbon 
potential sequestration into a productive rainfed maize crop 
and its relationship with the agricultural management 
practices. The final conclusions are presented in Section IV. 

II. MATERIAL AND METHODS  

Figure 2 shows the block diagram for the sensor-based 
architecture used for atmospheric carbon sequestration 
potential evaluation from crops. In the block diagram, one 
may observe the use of the Normalized Difference 
Vegetation Index (NDVI) and the Modified Chlorophyll 
Absorption in Reflective Index (MCARI), both calculated 
based on data acquired with a multispectral camera, as well 
as taking into account three other sensors for solar light 
intensity, soil water content, and air temperature 
measurements. 

The NDVI was proposed in 1974 [7] and was validated 
five years later [8]. In fact, in 1979, the linear combinations 
of the bands of the Red wavelength (called RED) (668 nm ± 
10 nm) and the Near Infra-Red wavelength (called NIR) (840 
nm ± 40 nm) light bands became a monitor of biomass 
density. NDVI values from -1.0 to 1.0 can be found in 
literature. However, since soil has an NDVI value close to 
zero and for plant evaluation the values can be in the range 
from 0.1 to 1.0, the interval of [0.0-1.0] has come to be used 

in agricultural applications. The higher the value, the greater 
the plant density. Despite some limitations, it has a good 
linear correlation with crop growth [9]. Equation (1) shows 
the NDVI calculation formula, i.e., to allow in this work 
information regarding the biomass amount evaluation in the 
regions related to plant growth only. 

On the other hand, the MCARI was published in the year 
2000 [10], and it is recognized as an evolution of the 
Chlorophyll Absorption Ratio Index (CARI), whose 
development occurred in 1994 [11]. The CARI has been 
primarily used to estimate not only chlorophyll content in 
leaves but also frost content damage and the monitoring of 
the yield and physiological response of crops. Such a 
vegetation index improvement brought not only a better 
index focus but also a much stronger relationship with plant 
leaves’ chlorophyll content. For the MCARI calculation, (2) 
is used considering the RED, Green wavelength (called 
GREEN) (560 nm ± 20 nm), and NIR light bands, i.e., in this 
work to estimate the amount of chlorophyll crop's leaves. 

For solar light intensity measurements, a luxmeter based 
on a silicon photodiode with a spectral filter has been used, 
which can allow measurements up to 4 × 105 Lux and an 
accuracy of ±5%. 

For soil moisture measurements, a capacitive sensor has 
been used, which can allow measures from 0.0 to 75.0 
cm³/cm³ and accuracy of ±4%. Characteristics in relation to 
less invasive measurements have been considered in relation 
to such a selection. Soil moisture analyses have been carried 
out from horizon A (root zone) at specific sites on the 
sampling grid. 

For air temperature measurements, the use of a platinum 
resistance sensor (PT100) calibrated for operation in the 
range of 0.0 to 80.0°C has been considered, which achieves 
an accuracy of up to ±0.4 °C, with a resolution of 0.1 °C. 
The electronics have been configured to have all the 
calculated indexes and the sensors' measurements provided 
to a computer model.  

 

 (1) 

 

 
(2) 

 

 
Figure 2. The sensor-based arrangement for the potential of atmospheric 

carbon sequestration by crops. 

 

In fact, to have the vegetation indexes estimation, eight 

flight missions were conducted, i.e., based on the use of a 
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multirotor Unmanned Aircraft System (UAS), DJI Matrice 

100 (Figure 3). 

 

 
 

Figure 3. The UAS and hardware setup for the RGB, RED, GREEN, and 

NIR images acquisition. 
 

For imaging, each flight has been considered to attend to 

each phenomenological state of the maize culture [12]. Then, 

in such a context, a MicaSense RedEdge-M multispectral 

camera has been considered and embedded onboard. The 

specifications of the multispectral sensors from the 

Micasense camera are detailed in Table I [13]. 

TABLE I.  SPECIFICATIONS FOR THE MICASENSE CAMERA 

 
 

In addition, for the light bands data acquisition protocol, 

the use of the Ground Control Points (GCP), a high-precision 

GPS in conjunction with a Real-Time Kinematic (RTK) 

receiver (i.e., allowing accuracy of ± 1 cm, and a 

Downwelling Light Sensor (DLS) to allow images’ contrast 

correction due to possible superimposition of clouds in the 

sky has been considered. Furthermore, in accordance with 

the UAS settings and the onboard light-band sensors, for all 

the flights, the morning periods have been considered to be a 

time from 11 A.M. to 12 A.M. 

For validation of the method, an experimental agricultural 

area has been used, i.e., following the study standards of 

Embrapa Instrumentation. The crop area is located 860 m 

from the geographic coordinates 21°57’3.9” S and 

47°51’10.9” W at the National Reference Laboratory for 

Precision Agriculture (LANAPRE) in São Carlos, SP, Brazil. 

 

Such an experimental crop area has been cultivated with 

maize (Zea mays L.), having 4,000 m² and a sampling grid 

equal to 10 m × 10 m. Figure 4 shows such an arrangement 

for specific management with the UAS navigation's flight 

route, i.e., divided into 40 blocks (from B1 to B40). The crop 

area has been divided into four plots of 1,000 m² (20 m × 50 

m) aiming to manage Nitrogen (N) with surface and 

broadcast fertilization, associated with soil fertilization for 

the process of corn seeding. 

Soil fertilization by N has been considered with scaled 

applications equal to 0, 18, 36, and 72 kg/ha, representing 

0%, 50%, 100%, and 200%, respectively, in relation to the 

agronomic recommended dose [14]. All the other nutrients 

have been applied in recommended doses.  

 

 
 

Figure 4. Experimental arrangement for sensors-based potential evaluation 
of atmospheric carbon sequestration with `specific site management, 

including the UAS navigation`s flight route. 

 

Besides, to perform the analysis regarding atmospheric 

carbon sequestration's potential in the crop having maize 

plants, an extraction of information from each site-specific 

block has also been considered. Therefore, sensor data have 

been collected from each block, referred to as Region Of 

Interest (ROI), not only from the multispectral light bands 

but also from the sensors related to solar light intensity, soil 

moisture in the A-horizon, and air temperature. 

Furthermore, to improve Signal to Noise Ratio (SNR), all 

the collected images have been filtered with a Gaussian filter 

using (3), and each ROI has been rotated, i.e., taking into 

consideration the angle calculation by (4) as follows. 

 

 
(3) 
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(4) 

 

where the Gaussian function Gσ (x,y) is controlled by the 

variance σ2, since the mean value is equal to zero, and the 

parameters -tx, and -ty correspond to the translation of the 

ROI to the origin, whereas tx, and ty can allow shifting it 

back to its original position. 

      For data analysis, a Potential Atmospheric Carbon 

Sequestration Index (PACSI) has been defined, which allows 

assessing such potential by agricultural crops, i.e., 

considering (5) for each specific site from the experimental 

agricultural field, as well as the integration of the 

measurements and calculated variables. 

 

 
(5) 

  

To perform this operation, the fusion of variables is 

considered based on the use of the figure of merit's concept 

[15]. This fusion technique considers the set of normalized 

variables in the interval [0.0–1.0] and the respective plots of 

their values on a circle with unit radius, equally equidistant 

from each other (Fig. 5). From the marking of the resulting 

points on the equidistant radii, they are treated as vertices, 

and their connections represent edges (Eai) and (Ebi) of 

triangles, which, when united, generate a figure of merit 

whose area represents the result of the fusion or index 

resulting from the set of measurements or metrics used. 
 
 

 
 

Figure 5. Sensor data fusion based on plotting normalized variables and 

equally equidistant from each other (=72) on a circle with unit radius.  

 

In this work, the referred index results from the sum of 

five areas of triangles formed within the circle with unit 

radius. Once the angles and edge measurements of each 

triangle are known, the total area can be calculated, as 

expressed in (6) as follows. 

 

 

(6) 

 

Additionally, to complete the method's validation, after 

the determination of the PACSIs values, one for each 

specific site, the relationship with the nitrogen management 

was evaluated. 

III. RESULTS AND DISCUSSIONS  

For multispectral image acquisition, it was necessary to 

perform radiometric calibration to convert the metadata of 

the digital image to a physical scale. On the other hand, the 

geometry of the aerial image was established by the size of 

the sensor, the focal length, and the height of the UAS 

flights, which together determine its Ground Sample 

Distance (GSD) (Table II). The GSD provides the 

corresponding measure for the pixels of the surface of the 

experimental area or the area covered by the image. The 

percentages established for both the lateral and frontal 

overlapping of the aerial images were equal to 80% 

respectively. 

The total number of registered images was equal to 300 

for each spectral band, i.e., leading to a total amount of 9600 

images, i.e., leading to a required storage capacity equal to 

29.52 GB (gigabytes), because the surface width and height 

were equal to 27 m × 20 m, respectively, and the distances 

between each front and side capture were 4 m and 5 m, 

respectively.  

TABLE II.  PARAMETERS USED FOR DATA ACQUISITION 

 
 

Figure 6 shows examples of results obtained from the 

eighth flight, i.e., considering the rotation of the images and 

Regions Of Interest (ROI) for analysis of block 25, in terms 

of the RGB, NIR, RED, and GREEN light-bands. 

 

 
 
Figure 6. Sample of analysis for the block 25: from the eight flight - (a) 

RGB, (b) NIR, and (c) ROI NIR; (d) RED and (e)ROI RED; (f) GREEN, 

and (g) ROI GREEN. 
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      Data analyses for collected data were carried out for the 

eight flights, that is, considering not only the reflectance 

measurements and the calculations based on the use of (1) 

and (2), but also the additional sensors and their 

measurements for each site-specific area in the culture area. 

An example of the obtained results can be observed in Table 

III for all the blocks from the experimental field. 

Besides, based on such a calculation of the vegetation 

indexes and the sensor-based data measurements, as well as 

using the (6), it was possible to figure out the PACSI values 

(in units of area) for each ROI presented in the experimental 

maize agricultural field (Table IV). In fact, before calculating 

the area of the figure of merit, all the values were normalized 

to be included in the circle having the unit radius, i.e., to 

make it possible to infer the potential of each block to 

sequester the atmospheric carbon by maize crop. 
 

TABLE III.  BLOCKS RESULTS FOR FLIGHT EIGHT 

 

 

  

      Figure 7 shows the relationship observed between the 

applied N dose and the PACSI calculated values for all the 

blocks from the experimental agricultural maize crop field. 

     For the example of results presented here with data from 

the eighth flight, the values found for PACSI were between 

0.151 and 0.655, both values in units of area, with higher 

values indicating greater potential for sequestering carbon 

from the atmosphere by the corn crop. 

TABLE IV.  NORMALIZED RESULTS AND THE PACSI VALUE 

 
 

 

 
Figure 7. Histogram of the calculated PACSI values for the specific sites of 
the experimental maize crop field, considering the flight eighth and the N 

doses applied (in percentages). 
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However, since chlorophyll content is related to 
photosynthesis and nitrogen fertilization, the application of N 
at different doses was also considered for validation in the 
field experiment. The existing relationship can be explained 
by considering that chlorophyll is dependent on nitrogen and 
is involved in photosynthesis, which in turn is also related to 
the potential for carbon sequestration from the atmosphere. 
Nitrogen is a nutrient that is present in the chloroplasts of 
leaves, where it participates in the synthesis of chlorophyll. 
Without nitrogen, there is no chlorophyll, which makes 
photosynthesis unfeasible and prevents plant development. It 
is important to note that in the example results, although 
there is a region of blocks where no additional nitrogen 
fertilization occurred (0%), there are indications of PACSI 
values, blocks from 1 to 10. This occurrence was observed 
due to the preliminary fertilization that was carried out in the 
soil for planting corn seeds, that is, the fertilization of the 
entire crop area that occurred at the beginning of the 
agricultural process. For the other blocks, that is, from 11 to 
40, the impact of the additional percentage of N applied and 
its relationship with the increasing PACSI values was 
imperative. Evidently, the efficiency of the results depends 
on the values of light intensity, air temperature, and soil 
moisture. 

Furthermore, one may observe that such a new PACSI 
index has the potential to also be used to indicate the need 
for nitrogen fertilization in the observed crop, thus helping 
the rural producer to save inputs and maximize contributions 
to the sequestration of atmospheric CO₂, which helps air 
quality and minimizes the effects of climate change. 

The total cost to figure out this development of the 
sensor-based platform's prototype for the potential evaluation 
of atmospheric carbon sequestration by agricultural crops 
was about USD 75,000. Nevertheless, the developed solution 
based on such a sensor platform can be useful not only for 
large crop areas but also for small farms. In fact, alternatives 
to decrease costs in relation to its application can be reached 
by different pathways, i.e., using it as a service to be offered 
by others or even taking into consideration its cooperative 
use by a group of smallholder farmers. 

IV. CONCLUSION AND FUTURE WORK 

This work presented a new sensor-based index for 

evaluation of agricultural crop potential for carbon 

sequestration (PACSI). It is based on information related to 

the biomass amount per area, chlorophyll absorption by the 

plants, solar light intensity, air temperature, and the 

agricultural soil moisture in the root zone. In fact, it has been 

proved to be useful not only to help in managing impacts due 

to climate change but also to be used as an indicator for 

needs in nitrogen fertilization by the farmers, i.e., allowing 

not only loss minimization but also gain in sustainability. 

Future research works will consider the development of an 

integrated and customized agricultural smart sensor platform 

coupled to a Convolutional Neural Network (CNN) for real-

time evaluation of the potential for atmospheric carbon 

sequestration by crops.  
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