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Compared to carbon dioxide (CO ), methane (CH ) is a more potent greenhouse gas, trapping more heat than 2 4

CO on a per molecule basis. With increasing levels of  activities in prominent sources of  methane such as 2 

livestock farming, rice farming and waste management, especially in developing economies like Nigeria, the 
need for a comprehensive and reliable CH  inventory cannot be over-emphasized. Using a bespoke low-cost 4

measuring unit, this study investigated the vertical profile and variability of  methane around rice farms and 
waste dumpsites. Findings show that ambient levels of  methane around the rice farms ranged between 26 ppm 
and 698 ppm and were highest at temperatures >30°C while lower concentrations were measured at lower 
temperatures. High methane concentrations were observed at a height of  around 15 m and gradually decreased 
with increasing altitude. For waste dumpsites, methane levels measured ranged between 45 ppm and 1220 ppm 
aligning with variation in the amount of  waste.  These higher concentrations are, however, often found at low 
altitudes below 20 m over both dump sites. At temperatures above 30 °C, methane concentrations are found at 
its highest across both dumpsites. Also, while waste dumpsites seem to emit more methane than rice farms, all 
study sites emitted appreciable amounts of  methane which could accumulate and contribute significantly to 
regional climatic variations and enhance levels of  tropospheric ozone. This study concluded that the bespoke 
measuring unit performed relatively well, and air temperature has a positive influence on methane concentration 
at all study sites.

Keywords: Low-cost sensors, Methane, Waste dumpsite, Rice plantation, Methane vertical profile, Bespoke 
measuring unit.
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INTRODUCTION 
In the early 1900s, atmospheric methane 
concentration remained almost constant until the 
beginning of  the industrial age when a significant 
increase in atmospheric levels of  methane began 
(Mohajan, 2012). Studies, for example, Reay et al. 
(2018), Sun et al. (2017) and Chukwuocha et al. 
(2011) have affirmed that global atmospheric 
methane concentrations have doubled since the 
start of  the industrialization age. The increase in 
methane emissions from anthropogenic activities 
has proven to be one of  the major causes of  
extreme weather conditions occasioned by global 
warming because of  the relatively higher global 
warming potential (GWP) of  methane (Sun et al., 
2017; Mohajan, 2012; Kavitha and Nair, 2019). 
The continuous and significant increase in 
atmospheric concentration of  methane is a cause 
for serious concern and proactive steps need to be 
put in place to understand the nature and capacity 
of  the major contributing sources (Javadinejad et 

al., 2019). 

Methane is known to cause health issues in 
animals, premature human deaths and reduced 
crop yields which leads to famine when 
concentration is above 1000 ppm (Prasad et al., 
2011; Mar et al., 2022). It is an asphyxiant that 
displaces oxygen in the human body and when 
there is high displacement (18% and above), such 
an individual will be affected by asphyxia 
(Oguntoke and Adeyemi, 2017). Methane also 
affects air quality as it plays a central role in 
influencing stratospheric ozone and water vapour 
levels. It affects the atmosphere by increasing the 
concentration of  water vapour and it plays a key 
role in the conversion of  reactive chlorine to less 
reactive hydrogen chloride in the stratosphere 
(Keppler et al., 2006). Furthermore, methane 
contributes to the formation of  ground-level 
ozone which is also a dangerous pollutant that 
harms the ecosystem. Methane also reduces the 
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(Mohajan, 2012). 

Sources of  Methane
Methane is emitted through different sources 
which are generally classified as both natural and 
anthropogenic sources (Jacob et al., 2016; Dean et 
al., 2021).  Natural sources of  methane include 
oceans, wetlands, termites, geological sources, 
wildfires and wild animals (Jardine et al., 2004; Van 
Amstel, 2012; Reay et al., 2018). According to 
Askyutin et al. (2018) and Van Amstel (2012), the 
highest natural source of  methane is marsh 
systems/wetlands. Generally, natural sources 
contribute up to 37% of  global methane 
emissions (Jardine et al., 2004).

Anthropogenic sources of  methane include fossil 
fuels, agricultural practices, livestock/animal 
rearing, landfills, biomass burning, wastewater, 
and the oil and gas sector (Van Amstel, 2012). 
Anthropogenic sources contribute around 60 - 
65% of  g loba l  a tmospher ic  methane 
concentration emissions (Jardine et al., 2004). The 
rapidly growing activities of  humans, especially in 
agriculture, fossil fuel usage and waste disposal has 
led to an increase of  anthropogenic methane 
emissions. Methane emissions are influenced by 
different factors such as energy use, human 
population distribution, agricultural practices and 
climate (Wuebbles and Hayhoe, 2002). 

Emission of methane from rice cultivation and 
waste dumpsite

With an annual contribution of  23-34 Tg (~10% 
of  total anthropogenic emission) to atmospheric 
methane (Jackson et al., 2020), rice cultivation is 
one of  the prominent anthropogenic sources of  
methane, especially in the agricultural sector. 
(Naser et al., 2007; Khalil et al., 2008; Reddy et al., 
2013; Smartt et al., al., 2016; Wang et al., 2018). Rice 
is the world's most important wetland food crop 
and there is an increasing demand for rice as the 
world population is on the increase (Anand et al., 
2005; Humphreys et al., 2019). Just like natural 
wetlands, flooded rice fields cut off  oxygen supply 
from the atmosphere to the soil which then leads 
to the anaerobic decomposition of  soil organic 
matter (Neue et al., 1996). Equation (1) gives the 
overall chemical equation for the anaerobic 
decomposition of  organic waste to yield methane:

amount of  hydroxyl ions available for the removal 
of  other pollutant types in the atmosphere 
(Isaksen et al., 2014).
To understand the impact of  methane gas on the 
atmosphere, environment, and global climate as a 
whole, there is the need to identify prominent 
sources of  methane and quantify their 
contributions to atmospheric loading of  methane. 
Apart from being a greenhouse, methane is also a 
major precursor of  tropospheric ozone, which is 
termed “Bad Ozone”. 

Methane as a Greenhouse Gas (GHG)
Methane is the second most prevalent and potent 
greenhouse gas (after carbon dioxide) found in the 
atmosphere (Van Amstel, 2012). Greenhouse 
gases are the major cause of  global warming as 
they trap heat emitted from the earth surface in the 
form of  infrared radiation in the atmosphere; 
thereby causing a rise in the planet's average 
atmospheric temperature (Regmi, 2014). 
Greenhouse gases - carbon dioxide, methane, 
nitrous oxide – are all well known for their ability 
to trap heat and disperse both incoming and 
outgoing in the atmosphere (Dessus et al. 2008; 
Kweku et al., 2018). The ability of  a greenhouse 
gas to trap heat is termed Global Warming 
Potential (GWP) and it is defined as the heat 
absorbed by any greenhouse gas in the 
atmosphere, as a multiple of  the heat that would 
be absorbed by the same mass of  carbon dioxide 
(IPCC, 2013). Methane, however has a higher 
GWP than carbon dioxide ranging between 28 to 
40 over a 100-year horizon causing it to absorb 
thermal infrared radiation much more efficiently 
than carbon dioxide (Mohajan, 2012; IPCC, 2013, 
2014; Zhao et al., 2019; Winterstein et al., 2019; 
Aldhafeeri et al., 2020; Orji et al., 2020). Methane 
also contributes to global warming through 
infrared absorption and it controls the lifetime of  
other gases such as ozone in the atmosphere 
(Heilig, 1994).

Methane is known to have a short residence time 
(atmospheric lifetime) of  9 years but has an 
effective perturbation of  12 years which is 
relatively short when compared to other GHGs 
(Reay et al., 2018). Despite the short residence time 
in the atmosphere, the effect of  methane in the 
atmosphere cannot be ignored as it causes severe 
global warming that in turn affects the climate 
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et al., 2017; Akinbile et al., 2016).

Methane Monitoring and Measuring 
Methods
Methane emission poses environmental threat to 
the atmosphere and this suggests a need to ensure 
that sources of  methane emissions are constantly 
tracked and documented for climate change 
mitigation purposes (Montzka et al. 2011; Daugela 
et al. 2021). Measurement of  methane emissions is 
essential for improved understanding of  
processes that lead to emissions, detect regional 
trends in emissions and also develop robust 
emission inventories. Several methods have been 
developed and deployed to measure ambient level 
of  methane: 

Enclosure (Chamber) techniques
A number of  studies (for example, Neue et al. 
(1996), Naser et al. (2007), Akinbile et al. (2012), 
and Humphreys et al. (2019)) used a closed gas 
chamber technique with a sampling bag for 
collection and portable gas analyzer for methane 
and other gases. Static and dynamic chambers are 
used to quantify emissions either by using the 
change in methane concentration per unit area 
(small areas) or by using the external flux gas 
known rate. However, single enclosures may not 
capture all variability in emissions and it also 
requires labour to measure the variability of  
emissions over large sources.

Micro-meteorological techniques
This involves the use of  tower based vertical 
measurements and atmospheric parameters with 
standard modelling to calculate fluxes. Examples 
of  these techniques include eddy covariance (Xu et 
al. (2014); Li et al (2018); Irvin et al (2021)), flux 
gradient (Edwards et al., 2001), amongst others. 
The eddy covariance technique measures total 
methane emissions from individual sources 
continuously over time to capture temporal 
trends. There is over and under estimation of  
methane emissions since it is difficult to measure 
the variability. One major disadvantage of  the 
eddy covariance technique is that the measured 
values are an area average making it rather difficult 
to identify specific processes and sources of  
methane emission (Chaichana et al., 2018).

C H O   3CH  + 3CO  + by-products           (1)6 12 6 4 2

D u r i n g  a n a e r o b i c  d e c o m p o s i t i o n ,  
microorganisms break glucose down into 
methane (CH ) and carbon dioxide (CO ) as well 4 2

as other byproducts such as water and organic 
acids.

Series of  researches have been carried out on the 
emission of  methane from rice, especially in 
wetlands, in China (Wang et al., 2021), Thailand 
(Yagi et al., 1994; Chareonsilp et al., 2000), India 
(Anand et al., 2005) and the United States of  
America (Bachelet and Neue,1993; Smartt et al., 
2016; Sun et al., 2017; Humphreys et al., 2019; Sun 
et al., 2020). However, there has been little or no 
significant data of  methane emission from rice 
fields in Africa (Akinbile et al., 2016), especially 
from Nigeria, the leading producer of  rice in 
Africa with >8 million metric tonnes produced in 
2021 (FAO, 2022). 

Methane could be released from rice farming in 
three major ways - ebullition from land surface, 
diffused transport through the aerenchyma 
system of  the rice plant and through diffusion loss 
(Jain et al., 2004). 

When a field is flooded, methane is often trapped 
in the soil and under further amendments such as 
addition of  organic matter, small amounts of  
methane is emitted through the ebullition process 
(Neue, 1993). Methane is also emitted from rice 
fields during the cropping season through its 
diffusive transport through the aerenchyma 
system of  the rice plants and this account for over 
90% of  methane emission during cropping season 
(Jain et al., 2004). When soils become saturated 
with water, the exchange of  gases is hindered, 
leading to a consequent loss through diffusion, 
resulting in the emission of  methane (Jain et al., 
2004).

There is a need to estimate methane emissions and 
reduce uncertainties because of  the high 
emissions from rice paddies. Currently, in Sub 
Saharan African countries such as Nigeria, quality 
data on rice cultivation and its impact on 
greenhouse gas emissions is not readily available 
because of  inadequate research arguably brought 
about by non-availability of  monitoring 
equipment and technological know-how (Boateng 
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relatively cheaper, handy (less bulky) and low-
energy consumption low-cost sensor devices to 
help in monitoring atmospheric pollutants, 
especially in developing economies. It is also 
important to emphasise that low-cost devices can 
provide a wider network (spatial) and has the 
potential to serve as a reliable fast methane 
analyzer (Bastviken et al., 2020; Nagahage et al., 
2021).

DATA AND METHODOLOGY
Study Site Description: Rice Farms and 
Waste Dumpsites
Sampling of  methane on rice farms was carried 
out in Ekiti State, a choice influenced by the state's 
position as one of  the major cultivators of  rice in 
southwestern Nigeria. Precisely, the selected rice 
farms are located in Okemesi-Ekiti, a town in 
Ekiti-West local government. Okemesi-Ekiti is a 
rural agro-town with rich fertile soils enabling 
extensive arable farming. Two rain-fed rice farms 
were considered in this study and are both located 
in Okemesi Ekiti. The coordinate of  the Rice 
Farm-A (RF-A) and the Rice Farm-B (RF-B) are 
(7.88°N, 4.94°E) and (7.88°N, 4.95°E), 
respectively. See Figure S1 in the supplementary 
material document for pictures of  a section of  
each of  the two rice farms.

The rice farms are located about 7 km apart and 
similar agricultural practices are adopted on both 
farms except that the population of  rice stalks, soil 
type, and farm area differ from one another. Rice 
seeds were planted in July through direct seeding 
and are able to germinate on the soils through 
adequate flooding of  the soil just at the beginning 
of  the rainy season.

The two selected waste dumpsites are located 
within the estate of  the campus of  the Obafemi 
Awolowo University, in Ile-Ife, Osun State, 
Nigeria. The two dumpsites are located on the 
campus of  the Obafemi Awolowo University, Ile-
Ife. The first of  the dump sites, Waste Dumpsite-
A (WD-A) is located in Tonkere (7.53°N, 4.53°E), 
a remote village within the University. WD-A 
receives all types of  waste - residential, 
commercial and institutional wastes, as it serves 
the local Tonkere village communities and the 
University including the staff  quarters.  Every 
waste generated in the University is disposed of  

External tracer
Czepiel et al. (2003) used tracer method to 
calculate the total landfill methane emission rate. 
This is the release of  tracer gas at a known rate 
from source areas. It measures complex sources or 
quantifies uncertainty in the emission estimate. It 
is difficult to isolate individual sources within 
source area depending on the layout and it also 
needs the right meteorological conditions 
necessary for the proper functioning.

Satellite
Several studies (e.g., Jackson et al. (2020) and 
Javadinejad et al. (2019)) have used satellite data 
from Greenhouse Gases Observing Satellite 
(GOSAT) and Moderate Resolution Imaging 
Spectroradiometer (MODIS) to analyse methane 
fluxes from satellite observation.  This provides 
global, complete spatial coverage and frequent 
revisit time with a single instrument. It is not as 
accurate as in-situ data and emissions are not 
cleanly resolved. It is also limited by sunlight, 
cloud cover and snow free scenes.

Low-cost sensor devices
An alternative and relatively cheaper way of  
measuring methane is the use of  low-cost sensors 
which could be assembled to create devices to 
measure methane concentration. Low-cost sensor 
technology, whose application and accuracy has 
improved significantly in the last decade due to 
improved technology, has the capacity to provide 
more accurate paddy field data (Sun et al., 2017). 
Daugela et al. (2021), Yang et al (2019) and Cheng et 
al. (2018) used MQ4 gas sensor to measure 
methane concentration while Montoya et al. (2020) 
and Nagahage et al. (2021) created a monitoring 
device that could measure carbon dioxide and 
methane using MOS sensors.

Advantages of  using low-cost sensors in 
measuring methane concentrations cannot be 
over-emphasised. It has helped scientists, 
especially in developing economies, to overcome 
the age long challenges of  inability to take 
measurements over a long period of  time due to a 
myriad of  problems including expensive cost of  
reference research-grade devices. These 
challenges have shown the need to develop more 
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concentration and it is calibrated to take 
readings in parts per million (ppm). It has 
high sensitivity to methane and can 
measure concentrations up to 10,000ppm.

l  LPS22HB: This is a barometric sensor 
module; it has an in-built temperature 
sensor and measures both atmospheric 
pressure and ambient air temperature.

l GPS Module: This is responsible for 
providing data on the latitude, longitude, 
and altitude above sea level.

l Micro SD Card Module: It supports the 
micro-SD card which aids data logging at 
various programmed intervals.

l  DS3231 RTC Module:  A real-time clock 
that counts seconds, minutes, hours and 
the date when measurements were taken.

The arrangement of  the pins of  the component 
LCS unit is as shown in the schematic diagram 
presented in Figure 1. 

and sorted at this site. The second dumpsite, 
Waste Dumpsite-B (WD-B) (7.52°N, 4.51°E) is a 
commercial (market) dumpsite where all wastes 
from commercial activities are deposited daily 
(See Figure S2). This is located in the market area 
of  the campus where students and staff  get their 
daily needs ranging from vegetables, groceries, raw 
and cooked foods etc.

Bespoke Methane Measuring Unit and its 
Calibration
The development of  the bespoke methane 
measuring unit used in this study was done by 
procuring and programming low-cost sensors 
onto an Arduino Uno microcontroller board. 
These low-cost sensors (LCS) were programmed 
to measure specific atmospheric parameters. The 
collection of  LCS programmed includes:

l MQ-4: This is a gas detector sensor which 
is responsible for measuring methane gas 

Figure 1: A schematic diagram of  the Low-Cost bespoke measuring device showing the connection of  
the LCS.  

obstructions to the measurements as shown in 
Figure S3(b). The antenna of  the GPS module was 
carefully placed to face outwards, just as for the 
MQ4 sensor and the LPS22HB sensor. The 
Arduino board, SD Card module and RTC 
module were placed in the box alongside the 
batteries used to power the device. The device can 
be powered by a power bank via the use of  a USB 

The datasheet for each sensor was used in 
programming the sensors onto the Arduino 
board. The sensors were first tested on a 
breadboard before they were transferred to the 
Arduino. The codes written for each sensor are 
then run to instruct the sensors on the task to 
perform. The sensors were arranged in a 
waterproof  box such that there were no 
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cable or through the use of  external batteries (See 
Figure S3 for pictures of  the external and internal 
views of  the bespoke LCS measuring unit). The 
constructed unit can be deployed as a stationary 
wireless sensor network or mounted on an 
unmanned aerial vehicle (UAV). However, in this 
study, the device was deployed over the study sites 
using a drone.

It is important that portable monitors are subject 
to calibration checks at least as much as reference 
analysers (Masey et al., 2018). The constructed 
device was calibrated using Aeroqual S-500, a 
near-reference industry standard gas monitor. 
These are relatively compact and lightweight (460 
g), and can be operated from an in-built battery 
(for 8 hours) or from mains power. The readings 
from both the constructed bespoke unit and 
Aeroqual monitor were recorded in parts per 
million (ppm). Readings were averaged into 10 
minutes intervals and a graph of  methane 
concentration from Aeroqual and the constructed 
device were plotted against each other. A linear 
fitting was carried out on the plotted graph.

The graph of  the calibration curve for the LCS 
device is shown in Figure S4. The calibration result 
was then used to calibrate the constructed 
bespoke unit. The correlation coefficient (R-
squared) value of  ~0.77 shows that the 
constructed device had a good fit with the near-
reference Aeroqual monitor. The data in the 
calibration curve shows that the bespoke 
measuring unit can perform quite well in relation 
to the Aeroqual air monitor, and both techniques 
can provide consistent methane emission results.

Deployment of  the Bespoke Methane 
Measuring Unit for Sampling 
The bespoke measuring unit was deployed with 
the use of  a Fimi X8 SE2020 drone. The Fimi 
X8SE 2020 drone weighed ~765g while the device 
weighed around 480g; this made it possible for the 
drone to conveniently lift the device over a period 
of  time. With the device attached to the drone, it 
had a total flight time of  30 minutes on average. 
The Fimi X8SE 2020 drone application was 
downloaded from Google Play store and installed 
on a mobile phone. The drone was monitored and 
controlled using the set-up controller and mobile 
phone.

In this study, the bespoke low-cost measuring 
device was attached to the drone (See Figure S5(a)) 
and flown over the rice farm and the dumpsite at 
different altitudes (Figure S5(b)). An altitude is 
maintained for about 5 minutes before it is moved 
on to another height. During its stay at a particular 
altitude, the drone hovers around the whole area 
measuring and recording methane concentrations 
over that area and at that altitude.  The altitude 
probe of  methane concentration was undertaken 
to investigate the possible variation of  methane 
concentration with height.

The measurement period at the two rice farms was 
three months: 18 September - 30 November 2021. 
For the Waste Dumpsite-A, methane was sampled 
between 18 October and 15 November while for 
the WD-B, the period is between 21 September 
and 8 November, 2021.

Data Analysis
Air was sampled live onboard the drone and the 
obtained data was stored on the SD card attached 
to the measuring device. The readings were saved 
in a comma separated format in a text file before 
being imported into a Microsoft Excel 
spreadsheet. The averaging of  the parameters 
(height, temperature and methane concentration) 
was taken in order to account for different 
altitudes. A 3-D colour fill plot was generated to 
show the relationship between temperature, 
methane concentration and height. This step was 
repeated for all the days of  measurement and in all 
the study sites. Statistical analysis was done with 
Origin 2018 software and Microsoft Excel.

RESULTS AND DISCUSSION

Methane Emission from the Rice Farms
The rice planted on the rice farms used in this 
study was done through direct seeding on the 
fields. The fields were previously flooded before 
the seeding process. Measurement of  methane on 
the rice fields started 59 days after the completion 
of  the planting process.  The study covered the 
reproductive phase of  the rice plants starting from 
the transplanting stage and ending at the harvest 
stage. 

Figure 2 shows there is an obvious variation in 
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methane concentrations with altitude as distinct 
concentration tiers can be observed. On Rice 
Farm-A (Figure 2(a)), during the reproductive 
phase, methane concentrations decrease with 
increasing altitude. Altitudes below 15m are 
observed to have high methane levels up to 
around 698.0 ppm while altitudes of  15-30 m 
show average concentrations of  up to 503.0 ppm 
and concentrations in altitudes above 30 m are in 
the low range of  around 25.0 ppm. Variations 
occur, with sporadic low concentrations above 
20m initially and towards the end of  the study. 
Methane concentrations decreased gradually as 
rice crops progressed from vegetative growth to 
harvest. Peak concentrations of  696.72 ppm, 
648.26 ppm, 626.60 ppm, and 506.26 ppm were 
noted during the vegetative, flowering, maturity, 
and harvest stages, respectively. This decline is 
attributable to diminishing moisture content of  
the soil due to reduced rainfall occasioned by the 
onset of  the dry season. Although Rice Farm A 
possesses a higher water retention capacity, the 
decrease in flooding before harvest, as noted by 
Naser et al. (2007), could have contributed 
significantly to the observed reduction in methane 

emissions.

Also, on the Rice Farm-B (Figure 2(b)), methane 
concentrations decrease with increasing altitude, 
though the trend seems to cease towards the end 
of  the study period. Initially (within the first 100 
days), altitudes below 15 m have concentrations as 
high as 592.0 ppm, while at altitude of  20 m and 
below show averages of  up to 445.6 ppm. 
Altitudes above 20 m demonstrate low 
concentrations in the range of  25.0 ppm - 277.4 
ppm. Towards the end of  the study, average 
concentrations shift from below 10 m to low 
concentrations at all altitudes. The study indicates 
that as the rice matures with progressing days, 
methane concentrations decrease, particularly at 
altitudes above 20 m. This research highlights, 
especially in the tropics, that methane 
concentrations are highest at lower altitudes 
(below 15 m), with a noticeable shift from high to 
extremely low concentrations as altitude increases, 
emphasizing the possible significant roles of  
methane emission and atmospheric dynamics in 
upward diffusion.

Figure 2: A 3-D plot of  methane concentration, altitude and number of  days after planting for: (a) Rice 
Farm-A (RF-A) and (b) Rice Farm-B (RF-B).

Overall, high concentrations are near the surface, 
average concentrations in the mid-range, and low 
concentrations at higher altitudes.

On the Rice Farm-A, methane concentrations 

presented in Figure 3(a) reveal a positive 
cor re la t ion wi th temperature.  Higher  
temperatures, particularly in the range of  32 °C to 
38 °C, coincide with dominant high methane 
concentrations > 500 ppm. Towards the end of  
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the study period, traces of  high concentrations 
extend up to 41 °C. At the start of  measurement, 
average concentrations (280 ppm and 500 ppm) 
are seen between 30.0 °C and 32.2 °C, but these 
shift to higher temperatures above 38.0 °C as the 
study progresses. The later phase of  the study 
observes average concentrations prevailing from 
30°C to 42 °C. Temperatures below 30 °C 
correspond to low methane concentrations < 250 
ppm, and this is also observed towards the end of  
the study at temperatures up to 38 °C. 

On the Rice Farm B (Figure 3(b)), at the 
commencement of  the study, high methane 
concentrations > 500 ppm were observed at 
temperatures of  34 °C to 36 °C. Average 
concentrations (300 ppm to 500 ppm) were also 
observed at 32 °C to 36 °C at the beginning of  the 
study. However, as the rice plants approached 
maturity through the course of  the study, the level 
of  concentration decreased as low methane 
concentrations < 250 ppm were dominant at 
temperatures between 26 °C to 36 °C. This pattern 
is attributed to suboptimal vegetative growth at 
RF-B, leading to reduced emissions.

Both farms consistently exhibit low methane 
concentrations < 250 ppm at temperatures below 
30 °C throughout the study (Gaihre et al., 2011), 

corroborating the positive impact of  air 
temperature on methane emissions (Javadinejad et 
al., 2019; Sun et al., 2020). Methanogenic bacteria 
tend to have optimal rates around 30°C, and 
higher temperatures above this threshold enhance 
methane emissions (Jain et al., 2004; Gaihre et al., 
2011; Smartt et al., 2016). The study asserts that 
temperature plays a role in methane emissions 
from these rice farms, impacting both the 
concentration levels, the behaviour of  methane-
producing bacteria and vertical dispersion of  
emissions.

Generally, factors which influence the emission of  
methane from rice farming include soil factors, 
organic matter, rice straw addition, environmental 
factors (such as biomass accumulation and cultivar 
selection, rice field expansion and increased 
fertilizer usage) (Smartt et al., 2016; Rajendran et 
al., 2024) and soil variables (such as temperature 
and soil saturation status, pH, sulphate 
concentrations). Others are ability to manage 
water, organic amendments, fertilization, cultural 
practices and rice cultivars (Neue et al., 1996). A 
combination of  two or more of  these factors 
could have influenced the variation of  methane 
emission from the rice farms even though the 
same type of  rice seeds and propagation methods 
were used on the two rice farms.

Figure 3: A 3-D plot of  methane concentration, temperature, and number of  days after planting for: (a) 
Rice farm A (RF-A) and (b) Rice farm B (RF-B).
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Methane Emission from the Waste dumpsite
From Figure 4, it can be observed that at the 
commencement of  the study for Waste 
Dumpsite-A (WD-A) (Figure 4(a)), average 
methane concentrations ranging between 500 and 
900 ppm were found at altitudes less than 10 m 
and they progressed up to 22 m in the course of  
the study. Traces of  average methane 
concentration were found after about 10 days up 
to a height of  50 m. High methane concentrations 
(930 ppm to 1150 ppm) were observed towards 
the end of  the study at altitudes less than 12 m. 
Low methane concentrations were found at 
altitudes above 10 m at the beginning of  the study 
and towards the end of  the study, it was found at 
altitudes higher than 20 m.

Also, from Figure 4(b), at Waste Dumpsite-B 
(WD-B), high methane concentrations are found 
dominant at altitudes <10 m at the beginning of  
the study. Average concentrations are found in 
traces at altitudes between 10 m and 12 m. As the 
study progresses, average concentrations were 
dominant at altitudes <10 m up to about 20 m. 
Towards the end of  the study, high concentrations 
are found at altitudes less than 12 m. However, 
there are traces of  high concentrations found at 
altitudes up to 20 m at the end of  the study. 
Average concentrations are also seen in traces at 
altitudes above 25 m. Above the average 
concentration, low methane concentrations are 
found at altitudes above 15 m at the beginning of  
the study and above 30 m as the study progresses.

Figure 4: A 3-D plot of  methane concentration, altitude, and number of  days after initial reading for: 
(a) Waste Dumpsite A (WD-A) and (b) Waste Dumpsite B (WD-B).

Methane emissions from different dump sites 
show that methane is found in high 
concentrations irrespective of  its location. This 
high concentration is however often found at low 
altitudes below 20 m for both dump sites. This can 
be attributed to the dominance of  high methane 
concentrations that are found at point sources 
(closer to the ground where waste is being 
disposed).

At WD-A, during the start of  the study, average 
methane concentrations (490 ppm to 850 ppm) 

are found at high temperatures for each day with a 
range difference of  1°C measured (see Figure 
5(a)). As the study progresses, concentrations 
ranging from 800 ppm to 1150 ppm are observed 
at temperatures from about 33 °C to 43 °C, 
although traces of  average concentrations are 
found at about 27°C. Towards the end of  the 
study, high concentrations were found at about 32 
°C to 40 °C. Low concentrations < 380 ppm are 
found immedia te ly  a f ter  the  average  
concentrations recorded all through the study. 
These low concentrations are dominant at 
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temperatures less than 35 °C at the beginning of  
the study and less than 30 °C towards the end of  
the study.

Also, from Figure 5(b), at the WD-B, high 
methane concentrations (890 ppm to 1150 ppm) 
are found both at the beginning and towards the 
end of  the study at temperatures higher than 34 
°C. Average concentrations are found at 
temperatures between 32 °C and 34 °C at the 
beginning of  the study. As the study progresses, 
average concentrations dominate at high 
temperatures from about 32 °C up to 50 °C. Low 
methane concentrations < 350 ppm are found at 
temperatures less than 32°C and there are traces 
of  low methane concentrations even at 
temperatures up to 45 °C on the 25th day.

It is shown from both dumpsites that as 
temperature decreases, methane concentration 
decreases throughout the study. The highest 
methane concentration measured on each day is 
often found at high temperatures measured for 
the day also. This finding corroborates the fact 
that barring other factors like composition of  
emission source, there is always a positive 
correlation between methane emission and 
ambient and source temperatures (Granberg et al., 
2001; Zhu et al., 2021).

Inter- and intra-comparison of methane 
emission from the Rice Farms and Waste 
Dumpsites
The magnitude of  methane emissions from rice 
farms is as a result of  complex and dynamic 
interactions among the plants, microorganisms 
and the environment. Therefore, emissions from 
different rice farms may differ from each other 
depending on different factors (Jain et al., 2004). 
According to Gaihre et al. (2011), there are 
considerable spatial variations in methane 
emission rates even across nearby fields and they 
are majorly influenced by soil properties 
susceptible to temporal variations. The spatial and 
temporal variations are also related to rice 
biomass, which is a function of  cultivar and soil 
dependent property (Jain et al., 2004).

The emission of  methane gas from waste 
dumpsites is dependent on the operational 
activities of  the dumpsite such as the thickness of  

daily deposition, the provision of  daily cover, 
temperature and production process. These 
processes result in emissions that vary with time 
of  the day and year (Zhao et al., 2019; Bakkaloglu et 
al., 2021; Schirmer et al., 2014).

Methane is lighter than air, hence it is expected 
that it tends to move upwards through landfill 
surface. It can however be inhibited by daily cover 
as methane diffuses out to surrounding areas in 
lower concentration. It can be observed from the 
above plot that at WD-A, there is a higher 
diffusion rate when compared to WD-B. This is 
due to the fact that waste is brought into the WD-
A regularly and are dumped randomly at areas of  
their choices, however, methane diffuses into 
other areas without new top cover. For WD-B, it 
has a small size and hence daily top covers are 
expected to inhibit the concentration of  methane 
that diffuses into higher altitudes. At high 
altitudes, methane concentrations were still close 
to average (500 ppm to 900 ppm) for WD-A while 
for WD-B, at altitude higher than 27 m, there were 
already extremely low concentrations < 470 ppm.

In this study, methane concentrations were found 
to be highest at dumpsites compared to rice farms 
which are probably due to the high organic matter 
content of  the dumpsites. Concentrations reached 
up to 1085.21 ppm at dumpsites while the highest 
methane concentration recorded over rice farms 
was around 696.72 ppm. Although, despite the 
difference in the quantity of  methane emitted 
from both site-classes, for most days of  
measurement, methane concentration decreased 
with an increase in height but increased with 
increase in ambient air temperature. For the study 
sites (rice farm and waste dumpsite), high 
concentrations of  methane are found at a range of  
high temperatures recorded on the sites and as 
temperature decreases, methane concentration 
decreases also. Also, all study sites emit 
quantifiable amounts of  methane which could 
over time accumulates and cause damage to the 
global climate. These sites are representative of  
emissions from two of  the identified prominent 
sources of  methane, especially in tropical 
developing economies.

CONCLUSION
At rice farms, methane concentrations are found 
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to be highest at low altitudes and as temperature 
increases, methane concentrations increase. This 
is, however, influenced by the atmospheric 
dynamics that created changes in the diffusion of  
methane into the atmosphere. Methane emissions 
from rice farms are influenced by a variety of  
factors such as plant biomass, air temperature, 
vegetative growth, water management/regime, 
soil type, and the presence of  soil organic matter. 
Methane emissions from rice farms are also 
influenced by human activities such as ploughing 
of  rice straws from previous planting seasons and 
the application of  fertilizers on rice farms.

A variation of  about 500 ppm was found between 
days with high and low quantities of  waste. Waste 
dumpsites are great emitters of  methane as high 
concentrations are recorded on both dumpsites. 
Emissions from dumpsites are affected by the 
presence of  daily top cover, quantity of  waste 
generated, and operational activities of  the site. 
Although the WD-B showed higher methane 
concentration at ground-level than WD-A, this 
can also be attributed to the composition of  the 
organic refuse and the types of  waste found at 
both sites. More organic wastes are found at WD-
B such as food waste, fruits, rotten vegetables, 
human feaces amongst others. This can be 
responsible for the high concentration observed 
at ground level.

One of  the limitations of  this study was a 
stringent budget under which it was carried out. 
As such, the scope of  investigation could not be 
more robust. Further steps could be taken to 
investigate other factors that could influence 
methane emissions from rice farms and waste 
dumpsites in a tropical monsoon climate.

FUNDING
The authors have no relevant financial interest to 
disclose.

COMPETING INTEREST
The authors have no competing interests to 
declare that are relevant to the content of  this 
article.

DATA AVAILABILITY
Data gathered and used in this study available on 
request from the corresponding author.

ETHICAL APPROVAL
Not applicable.

CONSENT TO PARTICIPATE
Not applicable.

CONSENT TO PUBLISH
Not applicable.

AUTHORS CONTRIBUTION
PO contributed to the study design, sensor 
development, fieldwork, data analysis and drafting 
the first draft, OGF contributed to the study 
design, fieldwork, supervision of  fieldwork, data 
analysis and preparation of  the first and review of  
the manuscript, OEA contributed to the study 
design, sensor development, fieldwork and data 
analysis, LAS contributed to the supervision of  
fieldwork and revision of  manuscript and ABA 
contributed to the development, calibration and 
deployment of  the sensor. 

REFERENCES
Akinbile, C. O., Yusoff, M. S., Haque, A. A. M., 

and Maskir, N. S., 2012. An appraisal of  
methane emission of  rice fields from 
Kerian Agricultural Scheme in Malaysia. 
Research Journal of  Environmental Sciences. 
6(3): 107. 
doi:10.3923/RJES.2012.107.117

Akinbile, C., Semowo, O., Babalola, T., and 
Hasfalina, C., 2016. Assessment of  the 
Influence of  continuous and intermittent 
irrigation on greenhouse gas emissions 
from paddy rice. Journal Teknologi. 78(1-2): 
1-7. 
doi:10.11113/JT.V78.7252

Aldhafeeri, T., Tran, M.-K., Vrolyk, R., Pope, M., 
and Fowler, M., 2020. A review of  
methane gas detection sensors: Recent 
developments and future perspectives. 
Inventions. 5(3): 28. 
doi:10.3390/inventions5030028

Anand, S., Dahiya, R., Talyan, V., and Vrat, P., 
2005. Investigations of  methane 
emissions from rice cultivation in Indian 
context. Environment International. 31(4): 
469-482. 
doi: 10.1016/j.envint.2004.10.016

643Ogunniran et al.: Comparative Analysis of  Methane Emission from Dumpsites and Rice Plantations



Aksyutin, O., Ishkov, A., Romanov, K., and 
Grachev, V. 2019. The influence of  
methane on climate change. International 
Journal of  GEOMATE, 16(55):153–159. 
doi:10.21660/2019.55.55974

Bachelet, D. and Neue, H., 1993. Methane 
emissions from wetland rice areas of  Asia. 
Chemosphere. 26(1-4): 219-237. 
doi:10.1016/0045-6535(93)90423-3

Bakkaloglu, S., Lowry, D., Fisher, R. E., France, J. 
L., Brunner, D., Chen, H., and Nisbet, E. 
G., 2021. Quantification of  methane 
emissions from UK biogas plants. Waste 
Management. 124, 82-93. 
doi:10.1016/j.wasman.2021.01.011

Bastviken, D., Nygren, J., Schenk, J., Parellada 
Massana, R., and Duc, N. T. 2020. 
Facilitating the use of  low-cost methane 
( C H 4 )  s e n s o r s  i n  f l u x  
chambers–calibration, data processing, 
and an open-source make-it-yourself  
logger. Biogeosciences, 17(13): 3659–3667. 
doi:10.5194/bg-17-3659-2020

Boateng, K. K., Obeng, G. Y., and Mensah, E., 
2017. Rice cultivation and greenhouse gas 
emissions: a review and conceptual 
framework with reference to Ghana. 
Agriculture. 7(1): 7. 
doi:10.3390/agriculture7010007

Chaichana, N., Bellingrath-Kimura, S. D., Komiya, 
S., Fujii, Y., Noborio, K., Dietrich, O., & 
Pakoktom, T. 2018. Comparison of  closed 
chamber and eddy covariance methods to 
improve the understanding of  methane 
fluxes from rice paddy fields in Japan. 
Atmosphere, 9(9): 356. 
doi:10.3390/atmos9090356

Chareonsilp, N., Buddhaboon, C., Promnart, P., 
Wassmann, R., Lantin, R.S. 2000. Methane 
emission from deepwater rice fields in 
Thailand. In: Wassmann, R., Lantin, R.S., 
Neue, HU. (eds) Methane Emissions from 
Major Rice Ecosystems in Asia. 
Developments in Plant and Soil Sciences, 
vol 91. Springer, Dordrecht. 
doi:10.1023/A:1009890418537

Cheng, F., Jin, H., and Shen, H. 2018. Design of  
Real-time Monitoring System for Carbon 
Dioxide,  Methane,  and Var ious 
Environmental Factors in Intelligent 
Greenhouse. Chemical  Engineer ing 
Transactions, 71:163–168. 
doi: 10.3303/CET1871028

Chukwuocha, A., Ogbuagu, D., and Okoro, V., 
2011. A Comparative Analysis of  
Emission of  Methane from Livestock 
Farms in Enugu, Eastern Nigeria. Journal 
of  Agricultural Science and Technology A, 
1:908–912.

Czepiel, P. M., Shorter, J. H., Mosher, B., Allwine, 
E., McManus, J. B., Harriss, R. C., Kolb, C. 
E., Lamb B. K., 2003. The influence of  
atmospheric pressure on landfill methane 
emissions. Waste Management. 23(7): 593-
598. 
doi:10.1016/S0956-053X(03)00103-X

Daugela, I., Suziedelyte Visockiene, J., Kumpiene, 
J., and Suzdalev, I., 2021. Measurements 
of  Flammable Gas Concentration in 
Landfill Areas with a Low-Cost Sensor. 
Energies. 14(13), 3967. 
doi:10.3390/en14133967

Daura, L. A., Enaburekhan, J., and Rufai, I. A., 
2014. Estimation of  methane gas 
emission from solid waste disposal sites in 
Kano, Nigeria. International Journal of  
Scientific and Engineering Research, 
5(10), 590-593.

Dean, J., Kiendler-Scharr, A., Mengis, N., and 
Rudich, Y., 2021. Above us only sky. 
Commun Earth Environ 2, 179. 
doi:10.1038/s43247-021-00245-0

Dessus, B., Le Treut, H., and Laponche, B., 2008. 
Global warming: the significance of  
methane. Energy Planning, Policy and 
Economy. 42 (3), 14.

Edwards, G.C., Dias, G.M., Thurtell, G.W., Kidd, 
G.E., Roulet, N.T., Kelly, C.A., Rudd, 
J.W.M., Moore, A. and Halfpenny-
Mitchell, L., 2001. Methane fluxes from a 
wetland using the flux-gradient technique 
the measurement of  methane flux from a 
natural wetland pond and adjacent 
vegetated wetlands using a TDL-based 
flux-gradient technique. Water, Air and Soil 
Pollution: Focus, 1, 447-454. 
doi:10.1023/A:1013110112173

644 Ogunniran et al.: Comparative Analysis of  Methane Emission from Dumpsites and Rice Plantations



FAO., 2022. Rice production in Africa in 2021, by 
country (in metric tons). Statista. Statista 
Inc. Accessed: September 27, 2023. 
https://www.statista.com/statistics/132
2372/rice-production-in-africa-by-
country/ 

Gaihre, Yam and Padre, Agnes and Wassmann, 
Reiner and Aquino, E. and Villegas-
Pangga, Gina and Sta. Cruz, Pompe., 
2011. Spatial and Temporal Variations in 
Methane Fluxes from Irrigated Lowland 
Rice Fields. Philippine Agricultural Scientist. 
94, 335-342.

Giusti, L., 2009. A review of  waste management 
practices and their impact on human 
health. Waste management. 29(8), 2227-
2239. 
doi:10.1016/j.wasman.2009.03.028

Granberg, G., Sundh, I., Svensson, B.H. and 
Ni l s son ,  M. ,  2001 .  Ef fec t s  o f  
temperature, and nitrogen and sulfur 
deposition, on methane emission from a 
boreal mire. Ecology, 82(7), 1982-1998. 
doi:10.2307/2680063

Hasan, E., 2013. Proposing mitigation strategies 
for reducing the impact of  rice cultivation 
on climate change in Egypt. Water 
Science, 27(54), 69–77. 
doi:10.1016/j.wsj.2013.12.007

Heilig, G. K., 1994. The greenhouse gas methane 
(CH4): Sources and sinks, the impact of  
p o p u l a t i o n  g r o w t h ,  p o s s i b l e  
i n t e r ve n t i o n s .  Po p u l a t i o n  a n d  
environment. 16(2): 109-137.

Humphreys, J., Brye, K. R., Rector, C., and Gbur, 
E. E., (2019). Methane emissions from 
rice across a soil organic matter gradient in 
Alsols of  Arkansas, USA. Geoderma 
Regional. 16(1): 200.

Imam, A., Mohammed, B., Wilson, D. C., and 
Cheeseman, C. R. 2008. Solid waste 
management in Abuja, Nigeria. Waste 
management, 28(2): 468-472. 
doi:10.1016/j.wasman.2007.01.006

IPCC, 2013. Climate Change 2013: The Physical 
Science Basis. Contribution of  Working Group I 
to the Fifth Assessment Report of  the 
Intergovernmental Panel on Climate Change 
[Stocker, T.F., D. Qin, G.-K. Plattner, M. 
Tignor, S.K. Allen, J. Boschung, A. Nauels, 
Y. Xia, V. Bex and P.M. Midgley (eds.)]. 
Cambridge University Press, Cambridge, 
United Kingdom and New York, NY, 
USA, 1535 pp.

Irvin, J., Zhou, S., McNicol, G., Lu, F., Liu, V., 
Fluet-Chouinard, E., and Jackson, R. B. 
2021. Gap-filling eddy covariance 
methane fluxes: Comparison of  machine 
learning model  predict ions and 
uncer tainties at FLUXNET-CH4 
wetlands. Agricultural and forest meteorology, 
308, 108528. 
doi:10.1016/j.agrformet.2021.108528

Isaksen, I. S., Berntsen, T. K., Dalsøren, S. B., 
Eleftheratos, K., Orsolini, Y., Rognerud, 
B., Stordal, F., Søvde, O. A., Zerefos, C., 
and Holmes, C., 2014. Atmospheric 
ozone and methane in a changing climate. 
Atmosphere, 5(3): 518–535. 
doi:10.3390/atmos5030518

Jackson, R. B., Saunois M., Bousquet P., Canadell J. 
G., Poulter B., Stavert, A. R., Bergamaschi 
P., Niwa, Y., Segers, A. and Tsuruta, A., 
2020. Increasing anthropogenic methane 
emissions arise equally from agricultural 
and fossil fuel sources. Environmental 
Research Letters. 15(7): 071002. 
doi:10.1088/1748-9326/ab9ed2

Jacob, D. J., Turner, A. J., Maasakkers, J. D., Sheng, 
J., Sun, K., Liu, X., and Frankenberg, C., 
2016.  Sate l l i te  obser vat ions  of  
atmospheric methane and their value for 
quant i fy ing  methane  emiss ions.  
Atmospheric Chemistry and Physics. 16(22), 
14371-14396. 
doi:10.5194/acp-16-14371-2016

Jain, N., Pathak, H., Mitra, S., and Bhatia, A., 2004. 
Emission of  methane from rice fields-A 
review. Journal of  Scientific and Industrial 
Research. 63, 101-115.

Jardine, C. N., Boardman, B., Osman, A., Vowles, 
J., and Palmer, J., 2004. Methane UK. 
Report. Environmental Change Institute, 
University of  Oxford, Oxford, 96 p.

645Ogunniran et al.: Comparative Analysis of  Methane Emission from Dumpsites and Rice Plantations



Javadinejad, S., Eslamian, S. and Ostad-Ali-Askari, 
K., 2019. Investigation of  monthly and 
seasonal changes of  methane gas with 
respect to climate change using satellite 
data. Applied Water Science.  9, 180.

Kavitha, M. and Nair, P. R., 2019. Satellite-
retrieved vertical profiles of  methane over 
the Indian region: impact of  synoptic 
scale meteorology. International Journal of  
Remote Sensing, 40(14): 5585–5616. 
doi:10.1080/01431161.2019.1580791

Khalil, M. A. K., Shearer, M. J., Rasmussen, R. A., 
Xu, L., and Liu, J. L., 2008. Methane and 
nitrous oxide emissions from subtropical 
rice agriculture in China. Journal of  
Geophysical Research: Biogeosciences. 113. 
doi:10.1029/2007JG000462

Kweku, D. W., Bismark, O., Maxwell, A., 
Desmond, K. A., Danso, K. B., Oti-
Mensah, E. A., and Adormaa, B. B., 2018. 
Greenhouse effect: greenhouse gases and 
their impact on global warming. Journal of  
Scientific research and reports. 17(6): 1-9.

Li, H., Dai, S., Ouyang, Z., Xie, X., Guo, H., Gu, 
C., Xiao, X., Ge, Z., Peng, C. and Zhao, B., 
2018. Multi-scale temporal variation of  
methane flux and its controls in a 
subtropical tidal salt marsh in eastern 
China. Biogeochemistry, 137, 163-179.

Mar, K. A., Unger, C., Walderdorff, L., and Butler, 
T., 2022. Beyond CO2 equivalence: The 
impacts of  methane on climate, 
ecosystems, and health. Environmental 
science and policy, 134:127–136.

Masey N., Jonathan G., Eliani E., Chun L., Hao W., 
Neil S., Scott H., Mathew R.H., and Iain 
J.B., 2018. Temporal changes in field 
calibration relationships for Aeroqual 
S500 Ozone and Nitrous Oxide sensor-
based monitors. Sensors and Actuators B: 
Chemical. 273, 1800-1806.

Mohajan, H.K. 2012. Dangerous Effects of  
Methane Gas in Atmosphere, International 
Journal of  Economic and Political Integration, 
2(1): 3–10.

Montoya, J.., Olsson, A., Martensson, S.-G., Zea, 
K., Calla, A., and Chilo, J. 2020. Gas 
Emission Measurement System from 
Chilla-Juliaca-Peru. arXiv preprint, pp. 
1–4.

Montzka, S. A., Dlugokencky, E. J., and Butler, J. 
H. 2011. Non-CO2 greenhouse gases and 
climate change. Nature, 476(7358): 43-50.

Nabegu, A. B., 2011. Solid waste and its 
implications for climate change in Nigeria. 
Journal of  Human Ecology. 34(2): 67-73.

Nagahage, P., Nagahage, E., and Fujino, T. 2021. 
Assessment of  the applicability of  a low-
cost sensor based methane monitoring 
system for continuous multi-channel 
sampling. Environmental Monitoring and 
Assessment, 193(8): 1–14.

Naser, H. M., Nagata, O., Tamura, S., and Hatano, 
R., 2007. Methane emissions from five 
paddy fields with different amounts of  
rice straw application in central Hokkaido, 
Japan. Soil Science and Plant Nutrition. 53(1): 
95-101.

Neue, H. U., Wassmann, R., Lantin, R. S., Alberto, 
M. C., Aduna, J. B., and Javellana, A. M., 
1996. Factors affecting methane emission 
from rice fields. Atmospheric Environment. 
30(10-11): 1751-1754.

Neue, H. U., 1993. Methane emission from rice 
fields. Bioscience. 43(7): 466-474.

Oguntoke, O. and Adeyemi, A., 2017. 
Degradation of  urban environment and 
human health by emissions from fossil-
fuel combusting electricity generators in 
Abeokuta metropolis, Nigeria. Indoor and 
Built Environment, 26(4): 538–550.

Orji, P. O., Okoro, E. C., and Obiegbuna, C. D., 
2020. Tropospheric concentrations of  
methane around a quarry site in Uturu, 
Abia State, Nigeria. Communication in 
Physical Sciences. 5(4).

Prasad, S., Zhao, L., and Gomes, J., 2011. Methane 
and natural gas exposure limits. 
Epidemiology, 22(1): S251.

Rajendran, S., Park, H., Kim, J., Park, S. J., Shin, D., 
Lee, J-H., Song, Y. H., Paek, N-C., and 
Kim, C. M. 2024. Methane emission from 
rice fields: Necessity for molecular 
approach for mitigation. Rice Science. 31(2): 
159-178.

Reay, D., Smith, P., and Van Amstel, A. 2010. 
Methane sources and the global methane 
budget. In Methane and climate change. 
Routledge. pp. 9–21.

646 Ogunniran et al.: Comparative Analysis of  Methane Emission from Dumpsites and Rice Plantations



Reay, D. S., Smith, P., Christensen, T. R., James, R. 
H., and Clark, H., 2018. Methane and 
global environmental change. Annu. Rev. 
Environ. Resour. 43(1): 165-192.

Reddy, P. V. L., Kim, K.-H., and Song, H., 2013. 
Emerging green chemical technologies. 
Renewable and Sustainable Energy Reviews. 24, 
578- 585.

Regmi, J., 2014. Physics Behind the Climate 
Change. Himalayan Physics. 5, 98-101.

Samal, B., Mani, S., and Madguni, O. 2020. Open 
dumping of  waste and its impact on our 
water resources and health—a case of  
New Delhi, India. In Recent Developments in 
Waste Management: Select Proceedings of  
Recycle 2018 (pp. 127-154). Springer 
Singapore.

Schirmer, W. N., Jucá, J. F. T., Schuler, A. R. P., 
Holanda, S., and Jesus, L. L., 2014. 
Methane production in anaerobic 
digestion of  organic waste from Recife 
(Brazil) landfill: evaluation in refuse of  
different ages. Brazilian Journal of  Chemical 
Engineering. 31, 373-384.

Shoemaker, J. K., Schrag, D. P., Molina, M. J., and 
Ramanathan, V., 2013. What role for 
short-l ived climate pollutants in 
mitigation policy? Science. 342(6164): 
1323-1324.

Siddiqua, A., Hahladakis, J. N., and Al-Attiya, W. 
A. K. 2022. An overview of  the 
environmental pollution and health 
effects associated with waste landfilling 
and open dumping. Environmental Science 
and Pollution Research, 29(39): 58514-58536.

Smartt, A. D., Brye, K. R., and Norman, R. J., 
2016. Methane Emissions from Rice 
Production in the United States - A 
Review of  Controlling Factors and 
Summary of  Research. Greenhouse Gases. 
30, 179-207.

Suberu, M. Y., Bashir, N., and Mustafa, M. W., 
2013. Biogenic waste methane emissions 
and  me thane  op t im iza t i on  fo r  
bioelectricity in Nigeria. Renewable and 
Sustainable Energy Reviews. 25, 643-654.

Sun H, Zhou S, Zhang J, Zhang X, Wang C., 2020.  
Year-to-year climate variability affects 
methane emission from paddy fields 
under irrigated conditions. Environ Sci 
Pollut Res Int. 27(13): 14780-14789.

Sun, M., Zhang, Y., Ma, J., Yuan, W., Li, X., and 
Cheng, X., 2017. Satellite data based 
estimation of  methane emissions from 
rice paddies in the Sanjiang Plain in 
northeast China. PloS one. 12(6): 176765.

Van Amstel, A., 2012. Methane. A review. Journal 
of  Integrative Environmental Sciences. 9(1): 5-
30.

Wang, J., Akiyama, H., Yagi, K., and Yan, X., 2018. 
Controlling variables and emission factors 
of  methane from global rice fields. 
Atmospheric Chemistry and Physics. 18(14): 
10419-10431.

Wang, Z., Zhang, X., Liu, L., Wang, S., Zhao, L., 
Wu, X., … Huang, X. 2021. Estimates of  
methane emissions from Chinese rice 
fields using the DNDC model. Agricultural 
and Forest Meteorology, 303, 108368.

Winterstein, F., Tanalski, F., Jöckel, P., Dameris, 
M., and Ponater, M., 2019. Implication of  
strongly increased atmospheric methane 
concentrations for chemistry–climate 
connections. Atmospheric Chemistry and 
Physics. 19(10): 7151-7163.

Xu, L., Lin, X., Amen, J., Welding, K., and 
McDermitt, D. 2014. Impact of  changes 
in barometric pressure on landfill methane 
emission. Global Biogeochemical Cycles, 28(7): 
679–695.

Yagi, K., Chairoj, P., Tsuruta, H., Cholitkul, W., 
and Minami, K., 1994. Methane emission 
from rice paddy fields in the central plain 
of  Thailand. Soil Science and Plant Nutrition, 
40(1): 29–37.

Yang, S., Liu, Y., Wu, N., Zhang, Y., Svoronos, S., 
and Pullammanappallil, P. 2019. Low-
cost, Arduino-based, portable device for 
measurement of  methane composition in 
biogas. Renewable Energy, 138, 224-229.

Zhao, H., Themelis, N., Bourtsalas, A., and 
McGillis, W., 2019. Methane emissions 
from landfills. PhD thesis, MS thesis, 
Columbia University.

Zhu, D., Wu, N., Bhattarai, N., Oli, K.P., Chen, H., 
Rawat, G.S., Rashid, I., Dhakal, M., Joshi, 
S., Tian, J. and Zhu, Q.A., 2021. Methane 
emissions respond to soil temperature in 
convergent patterns but divergent 
sensitivities across wetlands along altitude. 
Global Change Biology, 27(4): 941-955.

647Ogunniran et al.: Comparative Analysis of  Methane Emission from Dumpsites and Rice Plantations


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15

