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Groundwater is one of the most important natural resources for the human being due to its ecological 

diversity. It has become a vastly vital and dependable source of water in all climatic regions together with 

each urban and rural areas of developed and developing countries like Bangladesh. Groundwater level 

declines for many reasons, some of which occurs due to natural phenomena and others are caused by 

human’s activities and it has been declining since the introduction of deep tube wells and shallow tube 

wells after 1970s. Excessive demand of water, evaporation, pollution, deforestation, poor storage, low 

rainfall, urbanization, frequent pumping of water are the important causes of groundwater level declination 

in Bangladesh as well as all over the world. Taking these potential effects of climatic change into account, 

we formulate a mathematical model of groundwater level declination with the help of a system of nonlinear 

ordinary differential equations (ODEs). The model has been analyzed by finding the existence of 

equilibrium points and also the conditions of stability and instability near the equilibrium points have been 

derived by using the stability theory of non-linear differential equations with Lyapunov function and phase 

portrait analysis. Finally, the numerical simulations have been performed to illustrate the effect of 

pollution, deforestation, frequent pumping of water and evaporation on the groundwater level in support of 

analytical findings. Our study shows that, groundwater level decreases significantly due to over pumping, 

pollution, deforestation and global warming. 

 

Povzetek: Padajoča raven podzemne vode je povezana s človekovimi aktivnostmi in naravnimi pojavi. V 

študiji je bil uporabljen matematični model za analizo vpliva onesnaževanja, sečnje gozdov in 

prekomernega črpanja podzemne vode. 
 

 

1 Introduction 

Groundwater is an essential part of public water supply 

and food production in Bangladesh and also significant 

natural resource that constitutes 95 percent of the 

freshwater [27]. About three billion people depend 

directly upon for drinking water and 40% of the world’s 

food is produced from irrigated agriculture that relies 

mainly on groundwater. Moreover, in the rural area, 

farmers are used freshwater about 70% for the purpose 

of cultivation and by 2050, nine billion people will 

depend upon an approximated 50% increase in irrigated 

agricultural production [22]. In Bangladesh, 45,400 deep 

tubewells, 1,533,920 shallow tubewells and 170,470 low 

lift pumps are employed presently to provide water for 

cultivation and using groundwater around 79% of the 

total cultivated area is irrigated [27]. Nowadays, 

groundwater acts as the mainstay for agriculture in the 

southern region of Asia like India, Sri Lanka, Pakistan, 

Bangladesh, and the Northern China. The water reserved 

in the ground can be compared to money kept in a bank 

account. If we pick off money at a swift rate than savings 

new money, we will ultimately start having account-

supply problems. Over pumping of water from the 

ground level rapidly than it is replenished for the lengthy 

period causes’ similar problems [26].  

Thus, groundwater level declination is a serious threat to 

the environment. It is primarily caused by sustained 

groundwater pumping. Moreover, due to poor reserving 

system, lots of rain water is wasted and the scientific 

development in procuring rain water is very poor. In case 

of saltwater contamination in the deep within the ground, 

a vast amount of usable water is reduced. Rainfall has 

diminished considerably over the years and it is the 

cause of large-scale deforestation and also rigorous 

climatic changes. These add to the reduction in water 

resources as well as groundwater resources. For 

agricultural use ground water is pumped more 

frequently, this can be done by fixing a tube well. Most 

of the industrial waste water are dumped to the water 

sources. This can be considered another reason for 

declination of water resources. Due to global warming 

and change in the climate, huge amounts of surface 

water and ground water is being evaporated, these also 

accumulate to the reduction in water resources as well as 

groundwater resources [51].  

 The influential consequences of groundwater 

declination are considered as drying up of tubewells, 

reduction of water in rivers, lakes i.e. in the land surface, 

degradation of water quality, increased the costs of 

pumping due to interrelation between ground and surface 
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water. The rivers, streams and lakes connected to 

groundwater can also have their supply declined while 

groundwater is overused [22]. 

Mathematical biology has become a well-recognized 

area of environmental research which is the most 

enjoyable applications of basic sciences [15, 42]. The 

aim of the mathematical biology is to represent a real 

phenomenon by mathematics and develop a model on 

the basis of conservation principle of biological 

processes, exploitation techniques by using the tools of 

mathematics. It has both practical and theoretical 

applications in the field of biotechnological research, 

biomedicine, ecology and so on [8, 31, 36]. 

Mathematical simulations and modeling play an 

incredible role for providing quantitative insight into 

different field of science. It has already contributed to a 

better understanding of the mechanisms in various field 

nowadays.  Mathematical modeling has gotten attention 

because modeling and simulation of any physical 

phenomena allows us for rapid assessment. So, it is 

mainly used to describe the real phenomena which lead 

to design better prediction, management and control 

strategies [9].  

Groundwater declination problem has been discussed by 

many researchers with different view of points. 

Declination rate and trend line analysis of groundwater 

level underneath Dhaka and Gazipur city in Bangladesh 

is described in [44]. A scientific study is discussed for 

the management and development of groundwater by 

using integrated remote sensing with geographic 

information systems [1]. The quality assessment of 

groundwater for the usefulness of drinking water is 

analyzed in [34]. A Mathematical model was proposed 

and inspected to study the impacts of predicted climate 

mutation on recharge and groundwater levels [49], 

whereas the effects of climate change on vegetation is 

characterized in [5] that is the important factor to store 

groundwater for long period. Another model based on 

the causes and quantification was also approached to 

describe the declination of groundwater level and aquifer 

dewatering in Dhaka metropolitan area in Bangladesh 

[230]. However, some articles [2-4, 7, 10-13, 15, 19-20, 

21, 24, 29, 32, 38-48, 50, 52, 55-57] are referred for 

more details in the explanation of global climate change 

in Bangladesh as well as all over the world, interactions 

among atmospheric, surface and groundwater with the 

significance factors for depletion of ground layer and 

development of mathematical model on groundwater 

level declination.  

In this paper, we would like to propose a new 

mathematical model on groundwater level declination. 

The goal of this study is to describe the impacts of 

climate change in the environment like deforestation, 

pollution, evaporation and frequent pumping of water on 

groundwater level. We formulate a mathematical model 

and study the existence and stability of the model with 

nonlinear Lyapunov function. Lastly, numerical 

simulations will be performed to show the effectiveness 

of the analytical analysis of groundwater model. 

 

The manuscript is organized as follows. In section 2.1, 

we describe the present scenery of groundwater level 

declination perspective to Bangladesh; materials and 

methods of the study are given in section 2.2. We 

propose a new mathematical model for groundwater 

level declination in section 3.1. We evaluate the 

boundedness and positivity of the solution of the model, 

in subsections 3.2.1 and 3.2.2. and 3.3 we calculated the 

equilibrium analysis, in 3.4, we discuss the local stability 

and global stability of the model at both of the 

equilibrium points. The numerical simulation and 

sensitivity analysis of the groundwater model is then 

presented in section 4. In section 5, we observe the 

dynamical behavior of the model by plotting phase-plane 

diagram and we conclude the study with some 

recommendations for preventive steps to reduce the 

declination of groundwater level in section 6. 

 

2.1 Groundwater declination 

perspective to bangladesh 

Groundwater is an imperishable, renewable and potential 

natural resource in Bangladesh. In the wet or monsoon 

season (June–September), groundwater sustains it’s 

dynamism by recharging, through rainfall and flooding 

and seceding during the dull season (March–May) due to 

withdrawal for various application, especially for 

cultivation. Agricultural yield of Bangladesh has 

successively increased over the last few decades while 

we have reasons to be happy about to fact that we must 

ensure this is not just a fleeting surge but a sustainable 

propensity. Professor E. M. Bean from University of 

Guelph observed that the region irrigated by 

groundwater in Bangladesh increased from 4 to 70 

percent from 1972 to 1999 [19]. This research also 

investigated that due to the dependency of surface water 

and groundwater to one another, barrages built upstream 

of rivers entering Bangladesh block down the natural 

flow rates and it affects the groundwater recharge in the 

areas of downstream [6]. The average annual rainfall of 

the country is at least 2000 mm per year in most of the 

districts in Bangladesh with the exception of the 

comparatively dry western area of Rajshahi, where the 

average rainfall is approximated 1650 mm. The 

northeastern part of Bangladesh receives the greatest 

average precipitation, sometimes over 4000 mm per year 

and near about 80% of Bangladesh's rain falls during the 

monsoon season [56]. Before the extensive evocation of 

groundwater, water tables in the mostly unconfined 

aquifers of Bangladesh were generally shallow with a 

feeble seasonal vacillating propensity from the mid-

2000s and onwards. Groundwater level were near or very 

close to the ground surface in some places after the 

monsoon period and at the end of the dry season, 

groundwater tables declined due to evaporation, 

evapotranspiration and inter-basin flow out of the 

aquifers.  Average depth of groundwater level in 

Bangladesh is given from 2000 to 2018 in Figure 1. 
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Figure 1: Groundwater level has declined during dry 

season since 2000 to 2018 in Bangladesh [6]. 

 
 

2.2 Materials and methods 

In this study, a mathematical model on groundwater 

level declination with the help of a system of nonlinear 

ordinary differential equations has been developed. We 

evaluate the biological feasibility and mathematical 

exactness of the model with boundedness and positivity 

analysis of the solution by using Lemma 1 and Lemma 2. 

We calculate the equilibrium analysis and study the local 

stability and global stability of the model at both of the 

equilibrium points by satisfying Routh-Hurwitz criterion 

through the sign of the eigen value from the 

characteristic equation and using Lyapunov stability 

theorem. Finally, numerical simulations have been 

performed in MATLAB programming language based 

on the parametric values collected from secondary data 

as shown in Table 1 which are estimated from research 

articles, existing literature, annual reports of government, 

and non-government institutions. To find the parametric 

values from collective data, different types of qualitative 

methods like rough order of magnitude (ROM) or 

conceptual estimation, system observation, least square 

method have been performed for securing data 

authentically.  

 

3 Mathematical formulation of the 

model 

In this section, we introduce the background of the 

model with some basic assumptions and formulate a 

mathematical model on groundwater level declination. 

 

3.1 Basic assumption and description of the 

model  

To construct a mathematical model on groundwater 

level, firstly we have to know the biological interactions 

and background among the state variables (i.e. 

atmosphere, surface and ground water). For this purpose, 

we discuss the water flow management with water cycle 

in the earth and assume some basic assumption as 

follows: 

According to hydrologic cycle, water vaporizes to 

become the part of the atmosphere from the oceans and 

the land surface; then water vapor is deported and lifted 

in the atmosphere until it condenses and precipitates on 

the surface or the oceans. Through plantation and 

vegetation precipitated water can be intercepted for 

overland flow on the ground surface. Water then 

infiltrates into the ground as subsurface flow and 

discharge into streams as surface runoff. Finally, the 

intercepted water and surface runoff returns again to the 

atmosphere through evaporation directly from the soil 

and vegetation surface or transpired from plant leaves. In 

this way hydrologic cycle continues [28]. 

 This study aims to show the effect of the important 

parameters used in the model like deforestation, 

pollution, evaporation and frequent pumping of water on 

groundwater level declination. The interaction of 

atmosphere, surface and ground water is shown in the 

Figure 2. 

 

 
Figure 2: The schematic diagram with biological 

interactions of groundwater model. 

 

Considering the basic assumptions and schematic 

diagram in Figure 2, we formulate the model with the 

following system of nonlinear differential equations: 

1 2( ) ( ) ( ) ( )
dA

S t G t A t A t
dt

   = + − −                 (1)     

1( ) ( ) ( ) ( ) ( ) ( ) ( )
dS

A t G t S t S t G t S t G t
dt

    = − − + +   

(2)     

2( ) ( ) ( ) ( ) ( ) ( ) ( )
dG

G t S t G t G t S t G t G t
dt

    = − − − −

      (3)     

with initial conditions 
0 0(0) , (0) SA A S= =  

0and (0)G G= and the total amount of water, 

( ) ( ) ( ) ( )N t A t S t G t= + + . 

 

Here, ( ),  ( )A t S t and ( )G t  are the three state variables 

that represent the levels of atmospheric water, surface 

water and groundwater respectively at time t . 
In the model (1)-(3), we have considered the parameter 
  as precipitation rate from atmosphere to surface 

water and   is the dissipation rate of atmospheric water. 

The infiltration rate from surface to groundwater be   

whereas  
1 2 and    are the evaporation rate from 

surface and groundwater to atmospheric water 

respectively. The surface water is polluted at the rate  , 
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moreover  and    be the deforestation rate and rate of 

frequent pumping of water from ground level.  

  

3.2 Analysis of the model 

We have to analyze the qualitative behavior of the 

solutions in the neighborhood of the equilibrium points. 

For the analysis of the model (1)-(3), a closed set has 

been considered as  

where, 

  is a constant. 

 

3.2.1 Boundedness of the model 

To prove the system mathematically and biologically 

well posed, the following lemma has to be satisfied. 

Lemma 1: The region 

 is a 

positively invariant set for the model (1)-(3). 

Proof: Since the total amount of water is ( )N t , then 

( ) ( ) ( ) ( ).N t A t S t G t= + +  

The rate of change of total amount of water is  

dN dA dS dG

dt dt dt dt
= + +  

       

1 2 1

2

S G A A A GS S GS G

GS G GS G G G

        

     

= + − − + − − + +

+ − − − − −
 

       A S G G   = − − − −  

       ( )A S G G = − + + −  

       ( )N N A S = − − − −  

After simplifying, we get the differential inequality as 

dN
N N

dt
   − −  

( )
dN

N
dt

   + +            

(4) 

By solving the differential equation (4), we obtain 

( ) ( )
0N t N e

  

   

− + 
 + − 

+ + 
 

Taking limit as t → , we get ( )0 N t


 
 

+
       

(5) 

Thus, we conclude that the region   is the positively 

invariant set induced by the model (1)-(3) [33, 36]. 

Therefore, the model is both mathematically and 

biologically well-posed in the region . . 
Hence, the Lemma 1 is proved. 

 

3.2.2 Positivity of the solution of the model 

Since the state equations describes the rate of change of 

water, so it is required to prove that all the state variables 

used in the model (1)-(3) are positive. 

Lemma 2: If ( ) ( )0 0, 0 0A S   and ( )0 0G   then the 

solutions ( ) ( ) ( ), ,A t S t G t  of the model (1) are all 

positive [46]. 

 

Proof: To prove the Lemma 2, we will use the system of 

differential equations (1)-(3). 

The first equation of the model (1)-(3), can be written as  

( )
dA

A
dt

  − +  

( ) 0
dA

A
dt

  + +           

(6) 

The integrating factor (I.F) of (6) is given by  

( ) ( )
.

dt t
I F e e

   + += =  

Multiplying the I.F on the both side of (6) and 

integrating we get  

( ) ( ) ( )
0

t tdA
e e

dt

   
 

+ +
+ +   

 

( ) ( )
1

t
A t c e

 − +
             

(7) 

where 
1c  is an integrating constant 

To find the value of constant 
1c  we apply the initial 

condition at ( ) 00, 0t A A= = .  we get
0 1A c . 

Putting the value of 
1c  in (7) we obtain 

( ) ( )
0

t
A t A e

 − +
  .           

(8) 

Since 
0 0A   and very larger than   and .  

Therefore ( ) 0A t   for all 0t  . 

Similarly, we obtain from the differential equations (2) 

and (3) that, ( ) 0S t  , and ( ) 0G t   for all 0t  . 

Hence the Lemma 2 is proved. 

  

 

3.3 Existence of the equilibrium 

To find the equilibrium points of the model (1)-(3), we 

have to solve 

0
dA dS dG

dt dt dt
= = =  

Then the system takes the following form: 

1 2 0S G A A   + − − =                                  (9) 

1 0A GS S GS G    − − + + =                      (10) 

2 0GS G GS G G    − − − − =                        (11) 

For pollution free and without pumping from 

groundwater, we consider 
0G G=  (i.e. initial value of  

( )G t ). 
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Let ( )1 , ,E A S G  be the pollution free equilibrium point. 

Using 
0G G= in the system (9)-(11), and solving the 

system of algebraic equation, we get 

1 2 0S G
A

 

 

+
=

+
    and      2S

  

 

+ +
=

−
                  (12)     

Hence, the pollution free equilibrium point is 

( ) 1 2 0 2
1 0, , , ,

S G
E A S G G

    

   

+ + + 
=  

+ − 
            (13) 

Again, let ( )* * * *

2 , ,E A S G  be the equilibrium point of the 

model (1)-(3) when all the activities are performed in the 

groundwater (i.e. the general equilibrium point), then we 

obtain by solving the system (9)-(11) as 
* *

* 1 2S G
A

 

 

+
=

+
 ,   * 2S

  

 

+ +
=

−
 and 

( )

( )( )

*

1 1*

* *

2

S
G

S S

   

     

− +  
=

+ + + −
  

         (14) 

Thus, the equilibrium point of the system is 

( ) ( )

( ) ( )

* *

1 2 2

* * * *
*2

1 1

* *

2

, ,

, ,

S G

E A S G
S

S S

    

   

   

     

 + + +
 

+ − 
=  − +   
 + + + −
 

 (15) 

 

where, 
( )

2

* 1 1 2 1

2( )
A

     

      

+ +
=

− + +
, * 2S

  

 

+ +
=

−
  

and 
( )

* 1 1 2 1

2 2

G
      

       

+ +
=

+ + − − −
 

 

3.4 Stability analysis  

In this section, we have to perform stability analysis at 

the equilibrium point 
*

1 2and E E
−

. 

 

3.4.1 Stability at 1 , ,E A S G
− − − − 
 
 

 

Theorem 1: The equilibrium point 1 , ,E A S G
− − − − 
 
 

 of the 

model (1)-(3) is asymptotically stable if 

1 3 1 2 30,  0  and   a a a a a   , otherwise it is unstable 

[33, 53]. 

Proof: In order to prove Theorem 1, we first find 

Jacobian matrix of the model (1)-(3) [21]. 

The Jacobian matrix of the system (1)-(3) is given by  

1 2

1

2

( , , )

0

J A S G

G G S S

G G S S

   

      

      

=

− − 
 

− − + − + + 
 − − − − − 

   (16) 

At the equilibrium point 1 , ,E A S G
− − − − 
 
 

, the Jacobian 

matrix (16) takes the following form 

1 2

0 1 0

0 0 2

, ,

0

J A S G

G G S S

G G S

   

      

      

− − −

−

−

 
= 

 

− − 
 
 − − + − + +
 
 − − − − − 

                    

                                (17) 

The characteristic equation for the eigen value  is given 

as 

 0J I− =  

1 2

0 1 0

0 0 2

0

0

G G S S

G G S S

    

       

       

− −

− −

− − −

− − + − − + + =

− − − − − −

 

( ) ( )

( )

( )

( )

0 1 0

2

0 0 1

2 2 0 0 0

G G

S S

G G S S

S S G G

      

        

     

        

− −

− −

− −

 − − − − − + −

 
− − − − − − − − − 

 

 
− + − + + − 

 

 
− − − − − − − = 

 

( ) ( ) ( ) ( )

( )

1 2 3 1 4 5

6 3 7 4 0

A A A A A A

A A A A

   



 − − − − −

− − − =
             (18)                                                            

1 2 0 1 0

3 2 4 0 0

5 6 1 7 2

where, ,  ,  

,  ,  

           ,  and  ,  

A A G G

A S S A G G

A S S A A

    

      

    

− −

− −

= − − = − − +

= − − − − = −

= − + + = =

 

After simplifying the equation (18), we obtain 

( )  ( ) 3 2

1 2 3 1 2 3 2 3

4 5 6 1 4 5 1 2 3 3 6 4 7 0

A A A A A A A A

A A A A A A A A A A A A A

  

 

+ − + + + + +

− − + − + − =
 

3 2

1 2 3 0a a a   + + + =                 (19) 

( )  ( ) 1 1 2 3 2 1 2 3 2 3

4 5 6 3 1 4 5 1 2 3 3 6 4 7

where,  

,  

 and .

a A A A a A A A A A

A A A a A A A A A A A A A A

= − + + = +

− − = − + −

( ) 1 1 2 3

0 1 0 2

Here,  

0

a A A A

G G S S          
− −

= − + +

= + + + + − − + + + + 

 

3 1 2 3 similarly,  0  and   a a a a  . 

From the Routh-Hurwitz criterion [18], we know that all 

the eigen values of (19) have negative real roots if and 

only if  
1 3 1 2 30,  0  and   a a a a a   . 

Hence, the equilibrium point 1 , ,E A S G
− − − − 
 
 

 of the model 

(1)-(3) is asymptotically stable for

1 3 1 2 30,  0  and   a a a a a   . 
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3.4.2 Stability at ( )* * * *

2 , ,E A S G  

Theorem 2: The equilibrium point ( )* * * *

2 , ,E A S G  of the 

model (1)-(3) is asymptotically stable if  

1 3 1 2 30,  0  and   b b bb b   , otherwise it is unstable 

[46, 53]. 

Proof: The Jacobian matrix of the system (1)-(3) is 

given by  

1 2

1

2

( , , )

0

J A S G

G G S S

G G S S

   

      

      

=

− − 
 

− − + − + + 
 − − − − − 

 

At the equilibrium point ( )* * * *

2 , ,E A S G , the Jacobian 

matrix takes the following form 

( )* * *

1 2

* * * *

1

* *

2

, ,

0

J A S G

G G S S

G G S S

   

      

      

=

− − 
 

− − + − + + 
 − − − − − 

                          

The characteristic equation for the eigen value  is given 

as 

 0J I− =  

1 2

* * * *

1

* *

2

0

0

G G S S

G G S S

    

       

       

− − −

− − + − − + + =

− − − − − −

 

( ) ( )

( ) ( ) ( )

( ) ( )

* *

* * 2

1

* *

1

* *

2 2

 

0

S S
G G

G G S S

S S G G

  
      

  

        

        

 − −
 − − − − − + −  

− − − 

− − − − − − + + −

− − − − − − − =

 

( ) ( ) ( ) ( )

( )

1 2 3 1 4 5

6 3 7 4  0

B B B B B B

B B B B

   



 − − − − −

− − − =
             (20)                                                

* *

1 2 1

* *

3 2 4

* *

5 6 1 7 2

where, ,  ,

,  ,  

 ,   ,  and 

B B G G

B S S B G G

B S S B B

    

      

    

= − − = − − +

= − − − − = −

= − + + = =

 

After simplifying the equation (20), we get 

( )  ( ) 3 2

1 2 3 1 2 3 2 3 4 5 6

1 4 5 1 2 3 3 6 4 7 0

B B B B B B B B B B B

B B B B B B B B B B

  + − + + + + − −

+ − + − =
 

3 2

1 2 3 0b b b   + + + =                 (21) 

 

( ) 

( ) 

1 1 2 3

2 1 2 3 2 3 4 5 6

3 1 4 5 1 2 3 3 6 4 7

where,  ,  

 and 

b B B B

b B B B B B B B B

b B B B B B B B B B B

= − + +

= + − −

= − + −

 

 

From the Routh-Hurwitz criterion, we know that all the 

eigen values of (21) have negative real roots if and only 

if  
1 3 1 2 30,  0  and   b b bb b   . 

By substituting the value of 
1 2 3 4 5, , ,  and ,B B B B B  we 

obtain  
1 3 1 2 30,  0  and   b b bb b   . 

Hence, the equilibrium point ( )* * * *, ,E A S G  of the 

model (1)-(3) is asymptotically stable if

1 3 1 2 30,  0  and   b b bb b   , otherwise it is unstable. 

 

3.4.3 Global Stability at the Equilibrium Point 

( )* * * *

2 , ,E A S G  

In this section, we use the Lyapunov direct method [14, 

16, 48] to establish sufficient conditions for the global 

asymptotic stability of the equilibrium point 
*

2E  in int 

.  

Theorem 3: The equilibrium point 
*

2E of the of the 

model (1)-(3) is globally asymptotically stable if  
*

* *

1 2

A

S G

 

 
  in the interior of the feasible region, 

otherwise it is unstable. 

 

Proof: Theorem 3 can be proved based on the Lyapunov 

stability theorem. For that purpose, we consider the 

following nonlinear Lyapunov function, 

* * * * *

* *

*

*

ln ln

ln

A S
V A A A S S S G G

A S

G
G

G

= − − + − − + −

−

    

(22) 

Then V  is 1C on the interior of,      ( )* * * *

2 , ,E A S G    is 

the equilibrium point. 

The derivative of (22) along the solution curves of the 

model (1)-(3) is given by the expression: 
* * *A A S S G G

V A S G
A S G

= − + − + −  

( )
*

1 2 1 2

*
1

1

*
2

2

  =
A

S G A A S G A A
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A GS SS
A GS S GS G

GS GS

GS GG
GS G GS G G

GS G GG

       

  
    

 

 
    

  

+ − − − + − − +

− − 
− − + + −  

+ + 

− 
+ − − − − −  

− − − 

 

* * *

1 2

* *

* *

1 2

  = 1 1 ( ) 1

1 ( ) 1

  1 1 ( )

A A A
S G A

A A A

S S
A GS

S S

S S
S G

S S

   

  

    

     
− + − − + − +     

     

   
− − − −   

   

   
− − + − − + +   

   

     

* *

1 ( ) 1
G G

G GS
G G

 
   
− + − −   

   
                               

(23)                                    

At the equilibrium point ( )* * * *

2 , ,E A S G , we have
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* *

1 2

*

S G

A

 
 

+
+ =                                 (24) 

* * *

1

* *

A S G

G S

  
 

− +
− =                       (25) 

* * * *

2 *

G S G S

G

 
  

−
+ + =                         (26) 

using the equations (24)-(26) in (23), we obtain 
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Since the arithmetic mean is greater than or equal to the 

geometric mean and geometric mean is greater than or 

equal to the harmonic mean, it follows that 
*

*
2 0

S S

S S
− −   

* * *

* * *
4 0

A S G AG S

A G S S GA
− − −   

Further, since all the model parameters are nonnegative, 

it follows that 0V   for 
*

* *

1 2

A

S G

 

 
 with 0V = if 

and only if * * *,  and GA A S S G= = =  holds. 

 

The largest compact invariant set in 

( ) 3, , : / 0A S G dV dt+ =  is the singleton  *

2E , 

where 
*

2E is the equilibrium point of the model. By 

using LaSalle’s invariance principle [37, 54] then 

implies that ( )* * * *

2 , ,E A S G  is globally asymptotically 

stable in the interior of        if 
*

* *

1 2

A

S G

 

 
 , otherwise 

it is unstable. 

 

4   Numerical analysis  
In this section, we have analyzed the model with 

graphical analysis and sensitivity analysis. 

 

4.1 Numerical simulations 

We have solved the model numerically based on the 

respective parameters present in the system of equations  
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(1)-(3) to investigate the dynamical behavior of the 

model. The simulations are carried out by ode45 solver 

using MATLAB programming language. We use a set of 

suitable parameter values. The description of all the 

parameters with the estimated values used in the 

simulation is presented in Table 1. We have considered 

the initial condition 
9

0 50 10A =  , 
9

0 110 10S =  and 

9

0 60 10G =  . 

 

Firstly, we solve the model (1)-(3) considering the initial 

values and all other parameters that are estimated from 

[6, 56]. Also, we have performed the numerical 

simulations for time interval [0, 20]t  for 20 years. The 

value of the model parameters is given in Table 1. 

 
 

   Table 1: Values and explanation of parameters 

 

 

Our object is to study the effects of deforestation rate 

( ) , pumping rate of water ( ) , pollution rate ( )  and 

evaporation rate ( )2 due to global warming on 

groundwater level as well as in surface water and 

atmospheric water. We have selected these parameters 

because they have a large impact on groundwater level 

declination. So, if it is possible to minimize the 

deforestation rate, pumping rate of water, pollution rate 

then the declination of groundwater level will be 

controlled. Considering these parameters into account, 

we have run the program for the state variables, 

atmospheric water ( )A t , surface water ( )S t and 

groundwater level ( )G t ). The result of simulation of the 

combined class is presented in Figure 3. 

 
 

Figure 3: Numerical simulation for Groundwater model, 

with time (20 years). 

 

From Figure 3, we observe that groundwater level is 

decreasing day by day due to natural phenomena, over 

demand, natural disaster and so on whereas surface water 

primarily increases but after sometimes it shows the 

stable situation. At the same time, atmospheric water is 

also decreasing day by day. In everyday life we would 

face the problems with freshwater shortage is sure to 

cause problems in many aspects of our lives. The 

activities that lead to groundwater declination come 

mostly from human being, but a portion of it also comes 

from changes in our climate (for examples, deforestation, 

drought, global warming etc.) and can speed up the 

process. So, the human population is the main 

responsible for water contamination. 

Again, we run the program for two state variables, 

surface water and groundwater level keeping all the 

values of the parameters same as before. The result 

obtained in this case is represented in Figure 4. 

 

 
 

Figure 4: Dynamics of surface water and groundwater 

where groundwater decrease significantly as a result 

surface water is increasing day by day. 

 

 

 

 

 

 

Descriptions Symbols Values 

Precipitation rate   0.5  

Dissipation rate   0.01  

Infiltration rate   0.3005 

Deforestation rate   0.06 

Pumping rate of water   0.02 

Pollution rate   0.300 

Evaporation rate from 

surface water 
1  0.09 

Evaporation rate from 

ground water level 
2  0.028 
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Figure 4 shows the state trajectories of the two 

compartments such as surface water and groundwater in 

the absence  

of any control measures. We have observed that when no 

control measure is employed, groundwater level 

decreases from initial state. At the same time, surface 

water gradually increases from the initial position and 

after some years it reaches to the peak level. It is 

occurred due to evaporation of water from the ocean and 

land surfaces, because this water is temporarily 

considered as vapor in the atmosphere, and falls back to 

earth’s surface as precipitation, then surface water is 

formed by the residue of precipitation and melted snow 

and then it will be stable if no others factor (for 

examples, drought and low streamflow or over 

streamflow) as employed in the atmosphere.  

Now, we run the program keeping all other values of the 

parameters same as before. We have some small changed 

to pollution rate to show the effect of pollution rate on 

groundwater level declination, we consider the same 

initial values of the three state variables. The result 

obtained in this case is given in Figure 5. 

 
 

Figure 5: Variation of groundwater for different values 

of pollution rate where groundwater level is significantly 

decreased due to increase of pollution rate. 

In Figure 5, we see the variation of groundwater level 

for different values of pollution rate ( )  with time. It is 

easy to see that falling of groundwater level is increased 

surprisingly due to increase of pollution rate  . In other 

words, falling of groundwater level decreases for the 

lower value of pollution rate  . Groundwater protection 

specialists inspect and analyze that human are the main 

cause of water contamination, which is provoked in 

many ways: by the dumping of industrial waste; due to 

temperature rise, that cause the variation of water by 

reducing the oxygen in its composition; which causes of 

silt and bacteria to appear under the soil and therefore 

pollute groundwater and is declined significantly in day 

by day. Thus, groundwater level decreases as the 

increase of pollution rate and groundwater level 

increases as the decrease of pollution rate. 

Again, we solve the model numerically for the case of 

groundwater to show the change in the groundwater 

level due to frequent pumping of water. Taking the 

values of all parameters into account as in Table 1 and 

considering the same initial values of the state variables 

as we did before. The result in this case is presented in 

Figure 6. 

 
 

Figure 6: Variation of groundwater for different values 

of pumping rate were falling of groundwater level is 

significantly increased due to increase of pumping of 

water. 

 

Figure 6 represents the variation of groundwater level 

for different values of pumping rate   with time while 

pollution rate and other effects are fixed. We observe 

that falling of groundwater level is increased 

tremendously due to increase of pumping rate  . The 

more we extract groundwater from below the earth’s 

surface, then we have to go in the downward of porous 

soil and rock in order to get more fresh water. But it is 

the matter of very anxious that when we have emitted 

water from deeper within the Earth, we find that there is 

less water available. Consequently, we will have to use 

more resources to develop alternative methods to reach 

further into the groundwater level. 

Next, we have solved the model numerically to show the 

change in the groundwater level due to evaporation rate 

for the parameters in Table. The result in this case is 

shown in Figure 7. 

 
Figure 7: Variation of groundwater for different values 

of evaporation rate where falling of groundwater level is 

extensively increased due to global warming. 

 

In Figure 7, one can see the variation of groundwater 

level for different values of evaporation rate ( )2  over 

the time while deforestation rate, pollution rate and other 

effects are constant. It is easy to understand that falling 

of groundwater level is increased significantly due to 

increase of evaporation rate 
2 . That is, falling of 
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groundwater level decreases for the lower value of 

evaporation rate 
2  and falling of groundwater level 

increases for the higher value of evaporation rate 
2 . 

Global warming can lead to longer periods of droughts, 

which directly affects availability and dependency on 

groundwater. Moreover, due to long periods of droughts 

there is a higher risk of declination on aquifers, 

especially in case of small and shallow aquifers as a 

result groundwater level is declined. 

Lastly, we run the program keeping all other values of 

the parameters same as before and change in the 

deforestation rate to show the effect of deforestation on 

groundwater level. The result in this case is presented in 

Figure 8. 

 
Figure 8: Groundwater level is tremendously decreased 

due to increase of deforestation rate from 0.02 = to 

0.10 =  

Figure 8 represents the variation of groundwater level 

for different values of deforestation rate   with time 

while evaporation rate, pumping rate and other effects 

are constant. We observe that groundwater level is 

decreased extensively due to increase of deforestation 

rate  . In other words, falling of groundwater level 

decreases for the lower value of deforestation rate   and 

falling of groundwater level increases for the higher 

value of deforestation rate  . The diminution of trees 

and other plants can cause global warming, soil erosion, 

desertification, fewer crops, flooding, increased 

greenhouse gases in the environment. Thus, it has a 

significant impact on groundwater. The roots from 

vegetation and plantation are used to filter the various 

contamination from groundwater. Thus, by increasing 

deforestation i.e. by reducing plantation and vegetation, 

groundwater is faced a great threat in our country as well 

as all over the world. 

 

4.2 Sensitivity analysis 

To evaluate the proper management of groundwater and 

realizing the impact of climate change or global 

environmental crisis on groundwater level declination in 

Bangladesh as well as all over the world, it is mandatory 

to know the relative importance of each input parameter. 

 

In Sensitivity analysis, we evaluate the uncertainty in the 

output of a mathematical simulation and which 

parameters and interactions have the most significant 

impact on the dynamical behavior of the system. It plays 

a significant role to the experimental designs and data 

assimilation of nonlinear compartmental model [8]. 

There are many ways to perform the sensitivity analysis. 

One of the ways is normalized forward sensitivity index 

of a variable with respect to a parameter. It is defined as 

the ratio of the relative change in the variable to the 

comparative change in the parameter [17]. When the 

variable is a differentiable function of the parameter, 

then the sensitivity index may be represented with partial 

derivatives. 

If the normalized forward sensitivity index of 
*G  is 

differentiable with respect to a given parameter P , then 

it is denoted as  
*G

P and defined as  

         
*

*

*

G
P

G P

P G



=


 

For example, the sensitivity index of 
*G  with respect to 

  is  

         
*

*

*
0.2763G G

G








= =


 

The values of the sensitivity indices for the 

corresponding parameters that we have used in the 

model are presented in Table 2. 

 

 

 

Table 2: Sensitivity indices of different parameter 

                values given in Table 1 

 

 

 

 

 

 

 

 

 

 

 

From Table 2, we notice that the most sensitive 

parameters to the groundwater level declination of the 

model (1)-(3) are infiltration rate ( ),  deforestation rate 

( ),  pumping rate of water ( ), and pollution rate ( ) . 

In practically, the sensitivity analysis predicts that an 

increase of the infiltration rate   will increase the 

groundwater level by 27.63%. Conversely, an increase of 

the value of frequently pumping rate of water   will 

Parameters Values Sensitivity index 

  0.3005 0.2763 

  0.06 -0.7203 

  0.02 -0.8462 

  0.300 -0.4860 

2  0.028 -0.0312 
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decrease groundwater level by 84.62%. These 

phenomena also can be observed from the Figures 9-12. 

 

 
 

Figure 9: Sensitivity graph of groundwater level on the 

basis of infiltration rate ( ) . 

 

 
Figure 10. Sensitivity graph of groundwater level on the 

basis of pumping rate ( )  

 

 

 
Figure 11: Sensitivity graph of groundwater level on the 

basis of pollution rate ( ) . 

 

 
Figure 12: Sensitivity graph of groundwater level on the 

basis of deforestation rate ( ) . 

 

5    Phase portrait analysis 
We now investigate the dynamical behavior of the model 

(1)-(3) by plotting phase-plane diagram based on the 

respective parameters present in the model. In these 

phase-planes, small arrows in Figures 9-11 show the 

direction field; the red dot represents the equilibrium 

point and dashed lines are the nullclines. 

In this model, we have computed three graphs (see 

Figures 13-15) to show the stability of the model near 

equilibrium points. It is clear that the pollution free 

equilibrium point is asymptotically stable and the nature 

of equilibrium is node for the parameter values 

.05,  0.3005,  0.02, 0.300   = = = =  and 

.05,  0.3005,  0.06, 0.400   = = = = but when the 

value of pollution rate and frequent pumping rate is 

continuously increased, then the solution curve of the 

groundwater level is extensively decreased and the 

nature of equilibrium is unstable saddle point. 

 
Figure 13: Phase plane for the model (1)-(3) with the 

parameter values  

.05,  0.3005,  0.02 and 0.300   = = = =  
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Figure 14: Phase plane and nullclines for the model (1)-

(3) with the parameter values    

.05,  0.3005,  0.06 and 0.400   = = = =  

 

Figure 15: Phase plane for the model (1)-(3) with the 

parameter values 

.05, 0.3005,  0.500 and 0.300   = = = =  

6    Conclusions 

In this study, a mathematical model on groundwater 

level declination is presented with qualitative and 

quantitative analysis. We investigate the dynamical 

behavior of the model (1)-(3) by stability analysis and 

plotting phase-plane diagram based on the respective 

parameters present in the model. From the numerical 

simulations, it is clear from Figures 5 and 6 that, the 

groundwater level is significantly decreased due to 

increase of pollution rate while the falling of 

groundwater level is tremendously increased due to 

increase of over pumping through shallow tubewells, 

deep tubewells and low lift pumps. Because excessive 

pumping is the cause of lower groundwater table. Again, 

Groundwater and surface water are connected to each 

other. When groundwater is used superfluously, then 

lakes, streams and rivers that are connected to subsurface 

water can also have their supply diminished. We also 

observe from Figures 7 and 8 that, Groundwater level is 

tremendously decreased due to increase of deforestation 

rate, where falling of groundwater level is extensively 

increased for higher rate of evaporation that is caused of 

global warming. 

Lastly, we demonstrate that, this model gives a latest 

picture of groundwater level management in Bangladesh 

as well as all over the world that we have to very careful 

and conscious to use water specifically groundwater and 

making sure that we have to reduce the misusage of it in 

our daily life. The proposed model can be helped for the 

researchers and planners who are associated with the 

research of groundwater level. It also may be helpful for 

the government to make and take decision regarding the 

prevention of groundwater level declination as well as 

may be increase the public awareness in case of using 

groundwater.    

 

Acknowledgements: 
The first author is greatly acknowledged the partial 

support of national science and technology (NST) 

fellowship, bearing ID: MSc-181205, Serial: 708, Merit: 

267, No: 39.00.0000.012.002.04.19-06, Session: 2019-

2020, which is provided by the Ministry of Science and 

Technology, Government of the People’s Republic of 

Bangladesh.  

 

Conflicts of Interest:  

The authors declare that there are no conflicts of interest 

regarding the publication of this manuscript. 

 

References: 
 
[1]       Adams TM, Tang AYS, Wiegand N. Spatial Data 

Models for Managing Subsurface Data. Journal of 

Computation in Civil Engineering, 7(3):260–277, 

1993. 

https://doi.org/10.1061/(asce)08873801(1993)7:3(26

0) 

[2] Anandalekshmi A, Panicker ST, Adarsh S et al. 

Modeling the Concurrent Impact of Extreme 

Rainfall and Reservoir Storage on Kerala Floods 

2018: a Copula Approach. Model. Earth Syst 

Environ, 5(4):1283–1296, 2019. 

https://doi.org/10.1007/s40808-019-00635-6. 

[3] Attaullah, Sohaib M. Mathematical Modeling and 

Numerical Simulation of HIV Infection Model. 

Results in Applied Mathematics, 7(100118): 1-11, 

2020. https://doi.org/10.1016/j.rinam.2020.100118. 

[4] Baalousha HM, Barth N, Ramasomanana FH et al. 

Groundwater Recharge Estimation and its Spatial 

Distribution in Arid Regions Using GIS: a Case 

Study from Qatar Karst Aquifer. Model Earth Syst 

Environ, 4(4): 1319–1329, 2018. 

https://doi.org/10.1007/s40808-018-0503-4. 

[5] Bagherzadeh A, Hoseini AV, Totmaj LH. The 

Effects of Climate Change on Normalized 

Difference Vegetation Index (NDVI) in the 

Northeast of Iran. Model Earth Syst Environ, 6(2): 

671–683, 2020. 

https://doi.org/10.1007/s40808-020-00724-x 

[6] Bangladesh Water Development Board.  

https://www.hydrology.bwdb.gov.bd/index.php?pag

etitle=ground_water_daily_data; [accessed 13 

September 2020]. 

[7] Bear J, Verruijt A. Modeling Groundwater Flow and 

Pollution: Theory and Applications of Transport in 

Porous Media. D Reidel Publishing Company, 

https://www.hydrology.bwdb.gov.bd/index.php?pagetitle=ground_water_daily_data
https://www.hydrology.bwdb.gov.bd/index.php?pagetitle=ground_water_daily_data


Potential Impact of Climate Change on Groundwater Level…                                                     Informatica 47 (2023) 261-274   273 

Holland, 2020. 

[8] Biswas MHA, Islam MA, Akter S, Mondal S, 

Khatun MS, Samad SA, Paul AK and Khatun M R. 

Modelling the Effect of Self-Immunity and the 

Impacts of Asymptomatic and Symptomatic 

Individuals on COVID-19 Outbreak, Computer 

Modeling in Engineering & Sciences, 125(3): 1033–

1060, 2020. 

https://doi.org/10.32604/cmes.2020.012792. 

[9] Biswas MHA, Hossain MR, Mondal MK. 

Mathematical Modeling Applied to Sustainable 

Management of Marine Resources. Procedia 

Engineering, 194, 337-344, 2017. 

https://doi.org/10.1016/j.proeng.2017.08.154 

[10] Biswas MHA, Rahman T, Haque N. Modeling the 

potential impacts of global climate change in 

Bangladesh: an optimal control approach. J Fundam 

Appl Sci, 8(1), 1–19, 2016. 

https://doi.org/10.4314/jfas.v8i1.1 

[11] Brammer H, Ravenscroft P. Arsenic in 

Groundwater: A Threat to Sustainable Agriculture in 

South and South-east Asia. Environment 

International, 35(3), 647- 654, 2009. 

https://doi.org/10.1016/j.envint.2008.10.004 

[12] Brenner S, Coxon G, Nicholas JKH, Freer J, 

Hartmann A. Process-based Modelling to Evaluate 

Simulated Groundwater Levels and Frequencies in a 

Chalk Catchment in South-western England. Natural 

Hazards and Earth System Sciences, 18, 445-461, 

2018. 

https://doi.org/10.5194/nhess-18-445-2018 

[13] Brouyere S, Carabin G, Dassargues A. Climate 

Change Impacts on Groundwater Resources: 

ModelledDeficits in a Chalky Aquifer, Geer Basin, 

Belgium. Hydrogeology Journal, 12, 123-134, 2004. 

https://doi.org/10.1007/s10040-003-0293-1 

[14] Buonomo B, Vargas-De-León C. Global stability for 

an HIV-1 Infection Model Including an Eclipse 

Stage of Infected Cells. Journal of Mathematical 

Analysis and Applications, 385, 709-720, 2012. 

https://doi.org/10.1016/j.jmaa.2011.07.006 

[15] Burges DN, Borrie MS. Modeling with Differential 

Equations. Ellis Horwood Limited, New York, USA, 

1981. 

[16] Cheng Y, Wang J, Yang X. On the Global Stability 

of a Generalized Cholera Epidemiological Model. 

Journal of Biological Dynamics, 6(2): 1088-1104, 

2012. 

https://doi.org/10.1080/17513758.2012.728635. 

[17] Chitnis, N., Hyman, J. M., Cushing, J. M. 

Determining Important Parameters in the Spread of 

Malaria through the Sensitivity Analysis of a 

Mathematical Model. Bulletin of Mathematical 

Biology, 70: 1272-1296, 2020.  

https://doi.org/10.1007/s11538-008-9299-0. 

[18] De Jesus EX, Kaufman C. Routh-Hurwitz criterion 

in the examination of eigenvalues of a system of 

nonlinear ordinary differential equations. Phys Rev 

A, 35(12): 5288, 1987. 

https://doi.org/10.1103/physreva.35.5288 

[19] Depletion of groundwater and Its Consequences. 

https://www.daily-

sun.com/printversion/details/271861/Groundwater-

Depletion-and-Its-Consequences; [accessed 11 

September 2020]. 

[20] Dym CL. Principles of Mathematical Modeling. 

Second Edition, Elsevier Academic Press, 

California, USA, 2004. 

[21] Fabio DN, Abba SI, Pham BQ, Islam ARMT, 

Talukdar S, Francesco G. Groundwater level 

forecasting in Northern Bangladesh using nonlinear 

autoregressive exogenous (NARX) and extreme 

learning machine (ELM) neural networks. Arabian 

Journal of Geosciences, 15(7): 1-20, 2022. 

https://doi.org/10.1007/s12517-022-09906-6 

[22] Freshwater used in agriculture. 

https://blogs.worldbank.org/opendata/chart-globally-

freshwater-agriculture; [accessed 13 September 

2020]. 

[23] Gantmacher FR. The Theory of Matrices. Vol. 1, 

AMS Chelsea Publishing, Providence, RI, USA, 

1988. 

[24] Golla V. Delineation of groundwater potential zones 

in Sathyavedu area, Chittoor District (Andhra 

Pradesh), South India, using geospatial 

technologies. Model Earth Syst Environ, 6(2): 895–

905, 2020.   

https://doi.org/10.1007/s40808-020-00726-9. 

[25] Grauso S, Pasanisi F, Tebano C. Modeling the 

suspended sediment yield in Lesotho rivers. Model 

Earth Syst Environ, 6(2): 759–768, 2020.  

https://doi.org/10.1007/s40808-020-00738-5. 

[26] Groundwater Decline and Depletion. 

https://www.usgs.gov/special-topic/water-

scienceschool/science/groundwater-decline-and 

depletion; [Accessed 5 September 2020]. 

[27] Groundwater Management in Bangladesh. 

https://csisa.org/wpcontent/uploads/sites/2/2014/01/

Groundwater-management-in-Bangladesh; 

[Accessed 12 September 2020]. 

[28] Information on Earth’s Water. 

https://www.ngwa.org/what-is-groundwater/About 

groundwater/information-on-earths-water; [Accessed 

28 June 2020]. 

[29] Hasan K, Paul S, Chy TJ. et al. Analysis of 

groundwater table variability and trend using 

ordinary kriging: the case study of Sylhet, 

Bangladesh. Applied Water Science, 11(12): 1-14, 

2021.  

https://doi.org/10.1007/s13201-021-01454-w. 

[30] Hoque MA, Hoque MM, Ahmed KM. Declining 

groundwater Level and Aquifer Dewatering in 

Dhaka Metropolitan Area, Bangladesh: Causes and 

Quantification. Hydrogeology, 15(3): 1523-1534, 

2007. 

[31] Islam MA, Imran MBU, Biswas MHA. Modeling 

the Effects of Transmission Dynamics of Malaria: A 

Mathematical Approach on Healthcare. Proceedings 

of the International Conference on Industrial 

Engineering and Operations Management, Dubai, 

UAE, 2191-2202, 2020. 

[32] Islam R, Islam MM, Islam MN et al. Climate change 

adaptation strategies: a prospect toward crop 

modelling and food security management. Model 

Earth Syst Environ, 6(2): 769–777, 2020.  

https://doi.org/10.1007/s40808-019-00708-6. 

[33] Khalil HK. Nonlinear Systems. Third edition, 

Prentice Hall Inc., USA, 2002.  

https://blogs.worldbank.org/opendata/chart-globally-freshwater-agriculture
https://blogs.worldbank.org/opendata/chart-globally-freshwater-agriculture
https://www.usgs.gov/special-topic/water-scienceschool/science/groundwater-decline-and
https://www.usgs.gov/special-topic/water-scienceschool/science/groundwater-decline-and
https://csisa.org/wp
https://www.ngwa.org/what-is-groundwater/About
https://doi.org/10.1007/s13201-021-01454-w
https://doi.org/10.1007/s40808-019-


274   Informatica 47 (2023) 261-274                                                                                      M.A. Islam et al. 

[34] Khan MJ, Shah BA, Nasir B. Groundwater quality 

assessment for drinking purpose: a case study from 

Sindh Industrial Trading Estate, Karachi, 

Pakistan. Model Earth Syst Environ, 6(1): 263–272, 

2020. https://doi.org/10.1007/s40808-019-00676-x. 

[35] Khatun MS, Biswas MHA. Optimal control 

strategies for preventing hepatitis B infection and 

reducing chronic liver cirrhosis incidence. Infectious 

Disease Modelling, 5: 91-110, 2020. 

https://doi.org/10.1016/j.idm.2019.12.006. 

[36] Khatun MS, Biswas MHA. Modeling the Effect of 

Adoptive T cell Therapy for the Treatment of 

Leukemia. Computational and Mathematical 

Method, 2019.  

https://doi.org/10.1002/cmm4.1069. 

[37] LaSalle JP. The Stability of Dynamical Systems. 

CBMS-NSF Regional Conference Series in Applied 

Mathematics, SIAM, Philadelphia, USA, 1976. 

[38] Mamo DK. Model the transmission dynamics of 

COVID-19 propagation with public health 

intervention, Results in Applied Mathematics, 7: 

(100123), 2020. 

https://doi.org/10.1016/j.rinam.2020.100123. 

[39] Mandal S, Islam MS, Biswas MHA. Modeling the 

Potential Impact of Climate Change on Living 

Beings near Coastal Area. Model Earth Syst 

Environ, 2020. 

https://doi.org/10.1007/s40808-020-00897-5. 

[40] Manuel W, Walter A, Nicole M, Raimund W. 

Modeling and simulation of curved fibers in dry 

spinning scenarios. Results in Applied Mathematics, 

3: (100013): 1-10, 2019. 

https://doi.org/10.1016/j.rinam.2019.100013. 

[41] Mridha MAH, Rahman SH. Prediction of 

groundwater trends for irrigation in Northern 

Bangladesh. Water Supply, 21(6): 2596–2614, 2021. 

https://doi.org/10.2166/ws.2021.076. 

[42] Murray JD. Mathematical Biology: I. An 

Introduciton, Third Edition, Springer, New York, 

USA, 1989. 

[43] National Water Policy, Ministry of Water Resources, 

Government of the People’s Republic of 

Bangladesh, Dhaka, Bangladesh, 1999. 

[44] Parvin M. The Rate of Decline and Trend Line 

Analysis of Groundwater Underneath Dhaka and 

Gazipur City. Journal of Water Resource and 

Protection, 11(3): 348-356, 2019. 

https://doi.org/10.4236/jwarp.2019.113020. 

[45] Patel K, Mehta M, Patel T. A Series Solution of 

Moisture Content in Vertical Ground Water Flow 

through Unsaturated Heterogeneous Porous Media, 

International Journal of Mathematics and 

Engineering, 159(1): 1467-1477, 2012. 

[46] Perko L. Differential Equations and Dynamical 

Systems. Third Edition, Springer-Verlag, New York, 

USA, 2001. 

[47] Rahman M, Haque MM, Tareq SM. Appraisal of 

groundwater vulnerability in south-central part of 

Bangladesh using DRASTIC model: An approach 

towards groundwater protection and health safety. 

Environmental Challenges 5(100391): 11-20, 2021.  

https://doi.org/10.1016/j.envc.2021.100391. 

[48] Safi MA, Garba SM. (2012) Global Stability 

Analysis of SEIR Model with Holling Type II 

Incidence Function. Computational and 

Mathematical Methods in Medicine, e826052. 

https://doi.org/10.1155/2012/826052. 

[49] Scibek J, Allen DM. Modeled Impacts of Predicted 

Climate Change on Recharge and Groundwater 

Levels. Water Resources Research, 42: 11405-

11423, 2006. 

https://doi.org/10.1029/2005wr004742 

[50] Shijina V, Adithya U and Sunil J J. Similarity 

Measure of Multiple Sets and its Application to 

Pattern Recognition. Informatica, 44: 335–347, 

2020. https://doi.org/10.31449/inf.v44i3.2872. 

[51] Surface Water and Groundwater. 

https://www.britannica.com/technology/water-

supplysystem/Surface-water   and-Groundwater. 

[Accessed on 2 August 2020]. 

[52] Tesfaye TW, Dhanya CT, Gosain AK.  Modeling the 

impact of climate change on the environmental flow 

indicators over Omo-Gibe basin, Ethiopia. Model 

Earth Syst. Environ, 6: 2063–2089, 2020.  

https://doi.org/10.1007/s40808-020-00813-x. 

[53] Ross SL. Differential Equations. Third Edition, John 

Wiley and Sons Inc., New York, USA, 2004. 

[54] Vargas C. Global Stability of Infectious Disease 

Models with Contact Rate as A Function of 

Prevalence Index. Mathematical Biosciences and 

Engineering, 14: 1019-1033, 2017. 

https://doi.org/10.3934/mbe.2017053. 

[55] Verma V. Optimal control analysis of a 

mathematical model on smoking. Model Earth Syst 

Environ, 6: 2535–2542, 2020. 

https://doi.org/10.1007/s40808-020-00847-1. 

[56] Weather and Climate Forecast Bangladesh.  https:// 

www.weather atlas.com/en/Bangladesh/Dhaka-

climate [Accessed on 2 August 2020]. 

[57] Wilson AB, Jenkins EW, Wang J, Husson SM. 

Numerical simulation of chemical separations using 

multimodal adsorption isotherms. Results in Applied 

Mathematics, 7(100122): 1-10, 2020. 

https://doi.org/10.1016/j.rinam.2020.100122. 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.4236/jwarp.2019.113020
https://doi.org/10.1016/j.envc.2021.100391
https://www.britannica.com/technology/water-supplysystem/Surface-water
https://www.britannica.com/technology/water-supplysystem/Surface-water
https://doi.org/10.1007/s40808-020-00847-1

