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Abstract. The rice paddies are the largest anthropogenic sources of methane emissions in the atmosphere
causing global warming. In this paper, a nonlinear mathematical model is proposed and analyzed to study the
effects of mitigation options on the control of methane emissions in the atmosphere caused by rice paddies and
human activities in order to reduce global warming. In the modelling process, five dependent variables namely;
the biomass density of rice paddies, the density of human population using rice, the amount of which is assumed to be proportional to the biomass density of rice paddies, the cumulative density of methane formed by
various processes involved in the production of rice paddies, the atmospheric concentration of methane emitted
by various processes involved in the production of rice paddies as well as natural and human activities and the
cumulative density of various mitigation options. It is assumed that both the cumulative biomass density of rice
paddies and the density of human population follow logistic models with their respective growth rates and carrying capacities. The growth rate of atmospheric methane concentration is assumed to be directly proportional
to the cumulative density of various processes involved in the production of rice paddies as well as the density
of human population. This growth rate is also assumed to be depleted by various mitigation options. Further,
the cumulative density of mitigation options is assumed to be proportional to the increased level of methane
concentration in the atmosphere. The analysis of the proposed model is carried out using stability theory of
differential equations and numerical simulation. It is found that the concentration of atmospheric methane
increases with increase in the growth rate of cumulative density of methane, formed by various processes involved in the production of rice paddies and subsequently the increased level of mitigation options above its
equilibrium value is required to reduce methane concentration. Moreover, increase in the implementation rate
coefficient of various mitigation options and depletion rate coefficient due to net effectiveness of mitigation
options further reduces the atmospheric methane concentration. The qualitative results obtained are confirmed
quantitatively using numerical simulations of the model. The data from model prediction is also compared with
actual methane data in the atmosphere and found to be fairly close.
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1

Introduction

The most abundant greenhouse gases are carbon dioxide, methane, nitrous oxide, ozone, CFCs, water
vapour etc. but methane is the stronger greenhouse gas than carbon dioxide present in the atmosphere constituting 16% of greenhouse gas emissions. It is the most prevalent anthropogenic greenhouse gas in the atmosphere,
produced mainly by rice paddies and is partly responsible for global warming. The effect of global warming
can be seen in the form of many undesirable consequences such as decrease in agricultural production, the
spread of infectious diseases, melting of glaciers, sea level rise causing migration of coastal population, loss of
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biodiversity, drought, flood, etc,. Thus, global warming phenomenon is one of the most challenging problems to
be studied by researchers working in the field of environment and climate change [1, 3, 4, 11, 22, 23]. Rice (Oryza sativa) is an important agricultural crop having significant contribution to global warming due to methane
emission from the rice fields. It is noted that 20 % of global anthropogenic methane is due to rice production
[3, 27]. Rice varieties have also significant effect on methane emission [7, 30]. In rice fields, methane is formed
as a result of decomposition of organic matter under anaerobic soil conditions due to presence of methanogenic
bacteria [5, 16, 17]. Various agricultural practices, climatic conditions, methods of cultivation, water management, selection of cultivar, use of fertilizer, physical and chemical properties of soil and its temperature, rain,
etc. have significant effect on methane emission [2, 12, 15, 24–26, 38].
Since our environment is adversely affected by methane emissions from rice paddies, natural and human
sources, various mitigation options are needed to control its emission. Mitigation options to control methane
emission from rice paddies must be eco-friendly and cost-effective without depleting crop yields [6, 9, 21, 28].
Several studies have been conducted to show the importance of water management practices such as mid season
drainage, intermittent irrigation, etc., to control methane emissions effectively from rice fields [14, 31–33, 36,
37]. A reduction in methane concentration was observed in Japan during mid season drainage and intermittent
irrigation near the end of the growing season [35] whereas 30.5% reduction in total methane emission by mid
season drainage was observed during growing season [18]. Methane emissions from rice fields can also be
controlled by effective use of fertilizers, proper selection of low methane emitting cultivars, effective methods
of cultivation [13, 17, 34, 39].
It is noted that various kinds of processes such as transport, ebullition, diffusion, etc., are involved in the
formation and emission of methane from paddy fields. To understand the effect of such processes, they are all
combined together in the form of one separate variable which is dependent on the cumulative biomass density
of rice paddies. This is a novel idea used in the modeling of the formation and emission of methane from rice
paddies which has not been studied earlier using mathematical models.
Thus, in order to curtail methane emissions from rice fields and stabilizing it, proper selection of mitigation
options with its effective implementation is crucial. Therefore, in this paper, a nonlinear mathematical model
is proposed and analyzed to study the impact of mitigation options in reducing methane emissions from rice
fields. The organization of the paper is as follows. In the upcoming Section 2, a mathematical model governing
the problem is proposed and discussed. In Section 3, the equilibrium analysis of the model system is carried out.
In Section 4, stability analysis of the model system is performed using stability theory of differential equations
and certain inferences have been drawn by establishing local and nonlinear stability results of the equilibria.
Numerical simulation of the model system is also performed to validate analytical results (Section 5). Section
6 contains conclusion.

2

Mathematical model

To model the problem of the effect of mitigation options on the emission of methane in the atmosphere,
the following variables are considered in the modeling process,
1. The biomass density of rice paddies.
2. The density of human population using rice, the amount of which is assumed to the proportional to the
biomass density of rice paddies.
3. The cumulative density of methane in the atmosphere caused by various practices involved in the production of rice paddies.
4. The atmospheric concentration of methane formed by various processes involved in the production of
rice paddies as well as natural and other human sources.
5. The cumulative density of mitigation options to control methane.
Let B(t) be the biomass density of rice paddies, N (t) be the density of human population, PB (t) be
the cumulative density of methane formed by various processes involved in the production of rice paddies,
C(t) be the atmospheric concentration of methane caused by various processes mentioned above. Let M (t)
be the cumulative density of various mitigation options, assumed to be proportional to the increased level of
atmospheric methane concentration from its equilibrium level C0 . It is also assumed that the increased level of
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various mitigation options from its equilibrium level M0 is applied to control the concentration of methane in
the atmosphere.
In view of the above considerations, the problem is governed by the following system of nonlinear ordinary
differential equations[10, 19, 20, 29],


dB
B2
− s1 BN
=s B−
dt
L

(1)



dN
N2
+ r1 BN
=r N−
dt
K

(2)

dPB
= αB − α0 PB
dt

(3)

dC
= Q0 + λB PB + λN N − λ0 C − λC(M − M0 )
dt

(4)

dM
= ϕ(C − C0 ) − ϕ0 (M − M0 )
dt

(5)

where
Q0
λ0
In the Eq. (1) above, the dynamics of biomass density of rice paddies is assumed to be governed by the
logistic equation where the constants s and L denote intrinsic growth rate and carrying capacity of rice paddies
respectively. It is noted that the biomass density of rice paddies decreases due to its consumption by human
population while the density of human population increases due to consumption of rice paddies. Thus, the
decrease in biomass density of rice paddies is assumed to be proportional to the density of human population as
well as biomass density of rice paddies (i.e. s1 BN ). The constant s1 represents the consumption rate coefficient
of rice paddies due to human population.
Since the cumulative density of human population increases due to use of rice paddies and therefore it is
reasonable to assume that the growth rate of density of human population is proportional to the biomass density
of rice paddies as well as density of human population (i.e. r1 BN ) where r1 is its growth rate coefficient due
to consumption of rice paddies. Thus, the density of human population (N ) is also assumed to grow logistically
with its intrinsic growth rate r and the carrying capacity K, as in Eq. (2) above.
In Eq. (3), the growth rate of cumulative density of methane formed by various processes involved in the
production of rice paddies (i.e. PB ) is assumed to be proportional to the biomass density of rice paddies where
the constant α denotes its growth rate coefficient and the constant ao is its natural depletion rate coefficient.
In Eq. (4), the growth of atmospheric methane is assumed to be increased by cumulative density of methane
formed by various processes involved in the production of rice paddies with a growth rate coefficient λB and
by human population density with a growth rate coefficient λN with constant input of methane Qo from natural
sources. The constant λo is the depletion rate coefficient of atmospheric methane due to natural factors. The
decrease in the concentration of atmospheric methane is assumed to be proportional to the increased level of
mitigation options from its equilibrium level M0 as well as the concentration of atmospheric methane (i.e.
λC(M − M0 )). The constant M0 defines the basic level of mitigation options applied at all time in order to
maintain the atmospheric methane concentration at the level C0 . This implies that C = C0 when M = M0 .The
constant λ is the depletion rate coefficient of atmospheric methane due to net effectiveness of mitigation options.
The cumulative density of mitigation options M , as in Eq. (5), is assumed to be proportional to the increased level of atmospheric methane concentration from its equilibrium level C0 where φ denoted its growth
C0 =
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rate coefficient and φ0 denotes its natural depletion rate coefficient. It is noted that the increased level of various mitigation options from its equilibrium level M0 is applied to control the concentration of methane in the
atmosphere.
A particular case of the model (1)-(5) can be obtained by assuming that the processes forming methane
are instantaneous i.e. dPdtB = 0.
In such a case the model (1)-(5) reduces to the following form,


dB
B2
− s1 BN
=s B−
dt
L

(6)



dN
N
+ r1 BN
=r N−
dt
K

(7)

PB =

α
B
α0

(8)

dC
α
= Q0 + λB B + λN N − λ0 C − λC(M − M0 )
dt
α0

(9)

dM
= ϕ(C − C0 ) − ϕ0 (M − M0 )
dt

(10)

This particular model, governed by Eq. (6)-Eq. (10) is four dimensional and its qualitative properties are
the same as that of the model (1)- (5), as regards to the effects of mitigation options on the control of methane
are concerned. Therefore, we analyze only the model (1)- (5) and the properties of the model (6)- (10) can be
derived from the analysis by making use of the Eq. (8).
In the following we find the bounds of different variables governing the model system (1)- (5) required
for stability analysis of the model equilibria. For this, we state a lemma without proof, which gives region of
attraction.
2.1

Lemma


5 : 0 ≤ B ≤ L, 0 ≤ N ≤ N
The set Ω
=
(B, N, PB , C, M ) ∈ R+
max , 0 ≤ PB ≤ PB max , ,
C0 ≤ C ≤ Cmax , M0 ≤ M ≤ Mmax }
+λN Nmax
1 L)
where, Nmax = K(r+r
, PB max = αα0 L, Cmax = Q0 +λB PB max
, Mmax = M0 + ϕϕ0 (Cmax −C0 )
r
λ0
and C0 =

3

Q0
λ0 ,

attracts all solutions initiating in the interior of positive octant.

Equilibrium analysis

The model (1)- (5) has the following four equilibria,
0
1. E0 (0, 0, 0, C0 , M0 ),C0 = Q
λ0
2. E1 (L, 0, P̄B , C̄, M̄ )
3. E2 (0, K, 0, C̃, M̃ )
4. E ∗ (B ∗ , N ∗ , PB ∗ , C ∗ , M ∗ )
The equilibrium E0 (0, 0, 0, C0 , M0 ) always exists. It implies that the absence of rice paddies and human
population makes no contribution to the atmospheric methane emissions and therefore the atmospheric methane
is always maintained at its equilibrium level C0 with mitigation options at its basic level.
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3.1

Existence of E1 (L, 0, P̄B , C̄, M̄ )
Where, P̄B =

α
α0 L

, C̄ =


 r
2


− λ0 −Q0 λλϕ
+
λ0 −Q0 λλϕ
+4λ ϕϕ Q0 +λB αα L
ϕ
ϕ
0 0

0 0

0

0

2λ ϕϕ

, M̄ = M0 +

0

ϕ
ϕ0 (C̄

− C0 )

0
and C0 = Q
λ0 .
The equilibrium E1 (L, 0, P̄B , C̄, M̄ ) always exists. It implies the presence of rice paddies at its carrying
capacity with no human intervention in such a way that the concentration of atmospheric methane exceeds its
equilibrium level due to its emission from various processes involved in the production of rice paddies and
therefore mitigation options need to be applied above its equilibrium value.

3.2

Existence of E2 (0, K, 0, C̃, M̃ )
Where, C̃ =


 r
2
− λ0 −Q0 λλϕ
+
λ0 −Q0 λλϕ
+4λ ϕϕ (Q0 +λN K)
ϕ
ϕ
0 0

0 0

0

2λ ϕϕ

, M̃ = M0 +

0

ϕ
ϕ0 (C̃

− C0 ) and C0 =

Q0
λ0 .

The equilibrium E2 (0, K, 0, C̃, M̃ ) always exists. It signifies the presence of human population with no
availability of rice paddies and associated formation of methane by other processes involved in the production
of rice paddies. In this case also the concentration of atmospheric methane exceeds its equilibrium level C0 due
to its emission from human activities and hence the mitigation options need to be applied above its basic level.
3.3

Existence of E ∗ (B ∗ , N ∗ , PB ∗ , C ∗ , M ∗ )

The existence and uniqueness of nontrivial equilibrium is carried out as follows. The variables in
E ∗ (B ∗ , N ∗ , PB ∗ , C ∗ , M ∗ ) are given by the following algebraic equations,
B=

L
(s − s1 N )
s

(11)

N=

K
(r + r1 B)
r

(12)

α
B
α0

(13)

PB =
Q0 + λB

α
B + λN N − λ0 C − λC(M − M0 ) = 0
α0
M = M0 +

ϕ
(C − C0 )
ϕ0

(14)
(15)

From Eq. (11) and Eq. (12), we get
B=

Lr(s − s1 K)
= B ∗ , for s > s1 K.
sr + s1 r1 LKa

(16)

Ks(r + r1 L)
= N∗
sr + s1 r1 LK

(17)

N=

Using Eqs. (15)- (17) in Eq. (14), we get
α
ϕ
Q0 + λB B ∗ + λN N ∗ − λ0 C − λ C(C − C0 ) = 0
α0
ϕ0

(18)

From which we get,
C=

 r
2



− λ0 −C0 λϕ
+
λ0 −C0 λϕ
+4λ ϕϕ Q0 +λB αα B ∗ +λN N ∗
ϕ
ϕ
0

0

0

2λ ϕϕ

0

0

= C ∗ (Let)

Using the value of B ∗ and C ∗ , we can find the equilibrium value of PB ∗ and M ∗ from Eq. (13) and Eq.
(15) respectively.
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3.4

Variations of C with different parameters

λC(C−C0 )
Q0
From Eq. (18), we can easily calculate dC
dϕ = − λ0 ϕ0 +λϕ(2C−C0 ) < 0 as C > C0 = λ0 .
This implies that the concentration of atmospheric methane decreases with increase in the growth rate
coefficient of the cumulative density of mitigation options φ.
dC
Similarly, we can show dλ
> 0, as C > C0 , which implies that the concentration of atmospheric methane
B
increases as the growth rate coefficient λB representing the growth of cumulative density of methane formed
by various processes involved in the production of rice paddies increases.

4

Stability analysis

The local stability of equilibria can be investigated by determining the sign of the eigenvalues of Jacobian
matrix
at
 each equilibrium. The Jacobian matrix for the model system (1)- (5)
 is given as follows:
 evaluated
−
s
N
−s
B
0
0
0
s 1 − 2B
1
1
L
2N

r
N
r
1
−
0
0
0 
1
K + r1 B



J =
α
0
−α0
0
0 


0
λN
λB −[λ0 + λ(M − M0 )] −λC 
0
0
0
ϕ
−ϕ0
Let J0 , J1 and J2 be the Jacobian matrices evaluated at equilibria E0 (0, 0, 0, C0 , M0 ),
E1 (L, 0, P̄B , C̄, M̄ ) and E2 (0, K, 0, C̃, M̃ ) respectively. It can easily be checked that E0 , E1 and E2 are
unstable.
4.1

Local stability analysis

To check the local stability of E ∗ (B ∗ , N ∗ , PB ∗ , C ∗ , M ∗ ), we consider the following positive definite
function,
1
1
1
1
1
V = k1 B1 2 + k2 N1 2 + k3 PB1 2 + k4 C1 2 + k5 M1 2
2
2
2
2
2

(19)

where ki (i = 1 to 5) are positive constants to be chosen suitably and B1 , N1 , PB 1 , C1 , M1 are small perturbations about E ∗ (B ∗ , N ∗ , PB ∗ , C ∗ , M ∗ ) such that B1 = B − B ∗ , N1 = N − N ∗ , PB1 = PB − PB ∗ ,
C1 = C − C ∗ and M1 = M − M ∗ . Differentiating V with respect to 0 t0 we get,
dPB1
dV
dB1
dN1
dC1
dM1
= k1 B1
+ k2 N1
+ k3 PB1
+ k4 C1
+ k 5 M1
dt
dt
dt
dt
dt
dt

(20)

Putting the values of the linearized form of derivatives and simplifying, we get,
= −k1 Ls B ∗ B1 2 − k2 Kr N ∗ N1 2 − k3 α0 PB1 2 − k4 (λ0 + λ(M ∗ − M0 ))C1 2
−k5 ϕ0 M1 2 + (k2 r1 N ∗ − k1 s1 B ∗ )B1 N1 + k3 αB1 PB1 + k4 λB PB1 C1
+k4 λN C1 N1 + (k5 ϕ − k4 λC ∗ )C1 M1
dV
dt

After some algebraic manipulations and by choosing, k1 = 1, k2 =
n ∗
o
∗
k2 α0 k3
λ(M ∗ − M0 )] min rN
, k5 = λCϕ k4
2,
2
Kλ
λ
N

s1 B ∗
r1 N ∗ ,

k3 <

sα0 B ∗
,
α2 L

(21)

k4 <

2
3 [λ0

+

B

∗
It is found that dV
dt is negative definite. Hence E is locally asymptotically stable without any condition.
This result can be stated in the form of the following theorem.

Theorem 1. The equilibria E0 , E1 and E2 are unstable and the equilibrium E ∗ is locally asymptotically stable
without any condition.
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4.2

Nonlinear stability analysis

In the following, the nonlinear stability behavior of the equilibrium E ∗ (B ∗ , N ∗ , PB ∗ , C ∗ , M ∗ ) is established.
Consider a positive definite function,


U = m1 B − B ∗ − B ∗ log BB∗ + m2 N − N ∗ − N ∗ log NN∗ + 12 m3 (PB − PB ∗ )2
(22)
+ 21 m4 (C − C ∗ )2 + 12 m5 (M − M ∗ )2
where mi (i = 1 to 5) are positive constants to be chosen suitably.
Differentiating U with respect to 0 t0 we get
m2
∗ dPB
∗ dN
= mB1 (B − B ∗ ) dB
dt + N (N − N ) dt + m3 (PB − PB ) dt
∗ dM
+m4 (C − C ∗ ) dC
dt + m5 (M − M ) dt
dU
dt

(23)

Putting the values of derivatives from Eq. (1)-Eq. (5) and simplifying, we get,
= −m1 Ls (B − B ∗ )2 − m2 Kr (N − N ∗ )2 − m3 α0 (PB − PB ∗ )2
−m4 {λ0 + λ1 (M − M0 )} (C − C ∗ )2 − m5 ϕ0 (M − M ∗ )2 + (m2 r1 − m1 s1 )(B − B ∗ )(N − N ∗ )
+m3 α(B − B ∗ )(PB − PB ∗ ) + m4 λB (PB − PB ∗ )(C − C ∗ )
+m4 λN (N − N ∗ )(C − C ∗ ) + (m5 ϕ − m4 λC ∗ )(C − C ∗ )(M − M ∗ )
dU
dt

After some algebraic manipulations and by choosing, m1 = 1, m2 =
n
o
∗
rm2
α0 m 3
M0 )] min Kλ
,
, m5 = λCϕm4
2
λ 2
N

s1
r1 ,

m3 <

sα0
,
α2 L

(24)

m4 < 32 [λ0 + λ(Mm −

B

∗
It is noted that dU
dt is negative definite. Hence E is nonlinearly asymptotically stable without any condition
inside the region of attraction Ω.
This result can be stated in the form of the following theorem.

Theorem 2. The equilibrium E ∗ is nonlinearly asymptotically stable without any condition inside the region
of attraction Ω.

5

Numerical simulation

In this section, numerical simulation is performed to check the feasibility of analytical results obtained for
the model system (1)- (5) by taking into account the following set of parameter values involved in the model
system,
Q0 = 70, λ0 = 0.1, s = 0.5, s1 = 2 × 10−6 , L = 2000, r = 0.2, r1 = 2 × 10−6 , K = 10000

α = 0.01, α0 = 0.05, λB = 0.01, λN = 0.02, λ = 0.0001, ϕ = 0.01, ϕ0 = 0.025, C0 = 700, M0 = 100
The equilibrium values corresponding to different variables in E ∗ are obtained as:
B ∗ = 1918.4652, N ∗ = 10191.8465, PB ∗ = 383.6930, C ∗ = 1884.2138, M ∗ = 573.6855
The eigenvalues of the Jacobian matrix corresponding to equilibrium E ∗ are
−0.4793, −0.2041, −0.05, −0.0570 and −0.0870. Since all the eigenvalues are negative and hence equilibrium E ∗ is locally asymptotically stable.
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To present nonlinear stability of E ∗ for the model system (1)- (5), trajectories with different initial starts
have been plotted in PB − C − M plane as shown in Fig. 1. It is apparent from Fig. 1 that all trajectories
approach the equilibrium showing that the equilibrium E ∗ is nonlinearly asymptotically stable.
To visualize the variations of various model variables for different values of parameters, these variables
are plotted with time as shown in Figs. 2-5. In Fig. 2, the variation of atmospheric methane concentration (C)
with time 0 t0 is shown for different values of growth rate coefficient of the cumulative density of methane (i.e.
λB = 0.01, 0.05, 0.09). From the figure, it is seen that the concentration of atmospheric methane increases
as the growth rate of the cumulative density of methane, formed by various processes involved in the production of rice paddies (λB ), increases. In Fig. 3, the variation of the cumulative density of various mitigation
options (M ) with time 0 t0 is shown for different values of growth rate of the cumulative density of methane (i.e.
λB = 0.01, 0.05, 0.09 ). From this figure, it is seen that the cumulative density of mitigation options increases
as the growth rate of the cumulative density of methane formed by various processes involved in the production
of rice paddies (λB ) increases. Thus, the increase in the concentration of atmospheric methane due to methane
formation by the various processes involved in the production of rice paddies necessitates the increase in the cumulative density of mitigation options. In Fig. 4, the variation of the concentration (C) of atmospheric methane
with time 0 t0 is shown for different values of the implementation rate coefficient of the various mitigation options (i.e. ϕ = 0.010, 0.012, 0.014). It is seen that the concentration of atmospheric methane decreases as
the implementation rate coefficient of the various mitigation options (ϕ) increases. The atmospheric methane
concentration also decreases with increase in the depletion rate coefficient of atmospheric methane due to net
effectiveness of mitigation options (i.e. λ = 0.00010, 0.00015, 0.00020), as shown in Fig. 5. Further, regarding concentration of methane in the atmosphere, model data is compared with actual data taken from European
Environmental Agency[8] as shown in Fig. 6. It is noted from the figure that the trend of increase of model data
for the atmospheric concentration of methane is approximately similar to actual data.

Fig. 1: Nonlinear stability in PB − C − M plane
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Fig. 2: Variation of atmospheric methane concentration C with time t for different values of the growth rate
coefficient of the cumulative density of methane in the production of rice paddies (i.e. λB = 0.01, 0.05, 0.09)

Fig. 3: Variation of the cumulative density of various mitigation options m with time t for different values of
growth rate of the cumulative density of methane in the production of rice paddies (i.e. λB = 0.01, 0.05, 0.09)

6

Conclusion

In this paper, a nonlinear mathematical model has been proposed to study the effect of mitigation options
on the control of methane emissions due to rice paddies and other human activities. The model consists of five
nonlinearly interacting variables namely, the biomass density of rice paddies, the density of human population
using rice, the amount of which is assumed to be proportional to the biomass density of rice paddies, the
cumulative density of methane formed by various processes involved in the production of rice paddies, the
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Fig. 4: Variation of atmospheric methane concentration C with time t for different values of the implementation
rate coefficient of the various mitigation options (i.e. ϕ = 0.010, 0.012, 0.014)

Fig. 5: Variation of atmospheric methane concentration C with time t for different values of depletion rate
coefficient due to net effectiveness of mitigation options (i.e. λ = 0.00010, 0.00015, 0.00020)

atmospheric concentration of methane and the cumulative density of various mitigation options. The model
analysis has been carried out using stability theory of ordinary differential equations. The analysis of the model
reveals that the concentration of atmospheric methane increases as the growth rate of cumulative density of
methane, formed by various processes involved in the production of rice paddies, increases. This increase in
the atmospheric methane concentration requires the increased level of cumulative density of mitigation options
above its equilibrium value to curtail methane concentration. Moreover, with increase in the implementation
rate coefficient of various mitigation options, the atmospheric methane concentration also decreases which
further declines with increase in the depletion rate coefficient due to net effectiveness of mitigation options.
The trend of model data for atmospheric methane concentration is also found to be approximately similar to
actual data taken from European Environmental Agency (EEA 2015).
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Fig. 6: Comparison between actual data and model data of atmospheric methane concentration
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