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The Aedes aegypti mosquito is the main carrier of dengue virus transmission to humans. In this
study, a mathematical model for the transmission of the dengue virus is constructed using
vaccination and Wolbachia parameters in an attempt to control the virus's spread.
Furthermore, the fundamental reproduction number is set as a parameter of the infection
threshold. Based on the stability of the equilibrium point analysis, it is found that the disease-
free equilibrium point is locally asymptotically stable if Ry < 1. Then, a mathematical model
of dengue was created by examining the seasonal aspect and adding a periodic term to the
mosquito birth rate. Dengue virus transmission in mosquito populations is controlled by air
temperature in addition to seasonal variables. In this study, three weather scenarios were
simulated: scenario 1 for cold weather (air temperature 14 °C), scenario 2 for hot weather (air
temperature 26 °C), and scenario 3 for moderate weather (air temperature between 14 and 26
°C).
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1. INTRODUCTION

Dengue Hemorrhagic Fever (DHF) is an infectious disease caused by the dengue virus, which is
transmitted by the mosquitoes Aedes aegypti and Aedes albopictus. Dengue fever is a major global health
issue, particularly in tropical and subtropical regions. Every year, millions of people get infected with DHF,
and thousands die as a result of the disease [1]. Efforts to control DHF have been carried out through various
approaches, including vector control and prevention of the spread of the virus[2]. Common vector control
methods involve using insecticides, fogging, eradicating mosquito breeding grounds, and vaccination|3].
Vaccines have historically been regarded as a highly effective approach in combating diseases. Consequently,
persistent endeavors have been undertaken to create a potent dengue vaccine ever since the initial
occurrence of the disease[3]. However, excessive use of pesticides can result in mosquito resistance to the
chemicals, and other preventative measures frequently fail to effectively reduce mosquito populations[4]. The
use of Wolbachia bacteria, which infect the Aedes aegypti mosquito, is one method for controlling DHF [5].
Wolbachia is a naturally occurring bacterium that can infect mosquitos and affect their capacity to transmit
the dengue virus. Wolbachia can restrict the mosquito's ability to transmit the virus by suppressing virus
replication in the mosquito's body, hence limiting disease transmission. Aedes aegypti carrying the symbiont
Wolbachia and the introduction of natural predators of mosquito larvae are considered as biological control
strategies[6], [7].

One of the important factors contributing to dengue transmission dynamics is the presence of mosquito
populations, whose life cycle is influenced by climatic factors such as temperature and rainfall. In places with
strong dry and rainy seasons, the mosquito population changes throughout the year, with more mosquitoes in
the rainy season than in the dry season, resulting in an increase in the frequency of dengue infections during
the rainy season|[8], [9]. For instance, in Indonesia, the rainy season, which runs from November to March,
usually has an increase in dengue fever infections. This shows that seasonal variations in mosquito
populations influence the dynamics of dengue transmission[10].

Mathematical models can be used to simulate various vector control strategies and analyze their impact
on disease transmission. DHF tends to show seasonal variability in its distribution[11]. Aedes mosquitoes
tend to reproduce and become more active during particular seasons[8]. The rainy season, with its more humid
circumstances, frequently results in an increase in mosquito population, which can raise the risk of dengue
transmission. Models with a seasonal component can help identify these seasonal patterns and provide more
insight into the trend of dengue transmission over time.

Several researches have created seasonal mathematical models, including the malaria transmission
model[8], the chikungunya periodic model[12], the dynamic model of Zika virus transmission[13], and
dengue[14], [15]. However, the dengue model constructed in[14] did not include Wolbachia as a variable
controlling disease transmission. Hence, in this study, a mathematical model of the transmission of dengue
was created, one that included vaccination, Wolbachia as a control variable, and seasonal aspects. The
stability of the equilibrium point and the sensitivity of the basic reproduction number were then examined to
determine which parameter has the most influence on the spread of the dengue virus. For seasonal variations
in the dynamics of dengue virus transmission, numerical simulations were performed on dengue models with
seasonal and non-seasonal aspects.

This article consists of four sections. Section one explains the background of the problem. Section two
gives the research methods for this work. Section three gives the results and discussion that consist of the
proposed mathematical model of dengue, its stability, sensitivity analysis, and numerical analysis. And the
last, Section 4, concludes all of this work.

2. RESEARCH METHODS

The method used in this research was as follow:

1. Develop a mathematical model of dengue without seasonal effect. The proposed model is based on
host-vector model with human as a vector and mosquitos as a vector.
2. Calculate the equilibrium of the model by solving this equation:

dSp _ dlp _ aVn _ Ry _ Ay _ Sy _ dly _ dPy _ ddy _dSw _ (1)
dt  dt dt  dt dt dt dt dt  dt  dt
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3. Determine the basic reproduction number R, using the Next Generation Matrix (NGM). First,
create a vector with the compartments that may induce virus transmission, x = (I, 1,)T. Then

decompose x into F — V to generate the Jacobi matrix of F and V which are evaluated at the non-

endemic equilibrium points Ey, F = Z—i andV = Z—Z . The basic reproduction number is
Ey Ey

obtained from the largest eigenvalue modulus of the NGM,
Ry = p(FV™1) = max|A;| )
where 4; is eigen values of the NGM

4. Analyze the stability of the equilibrium of the model using linearization matrix around the
equilibrium point with Jacobian matrices:

oF
J=%

3)

Eg
— [aSh dln dVh dRp dAy dSy dly dPy dAy dSw —
WhereF_{dt ‘dt’ dt ' dt ' dt’dt’dt’dt’ dt’ dt}andx_ S I Vi R
Ay, Sy, Ly, By Ay Sy}
5. Determine the sensitivity index of the model parameter by using basic reproduction number. A
sensitivity analysis was performed on the basic reproduction number R, which is the threshold for
disease spread. The normalized sensitivity index of variable m to parameter k is defined by[16] :

Y= X (4)

m

6. Develop a mathematical model of dengue with seasonal effect.

7. Simulate the dynamics of the model with and without seasonal effect. The solution of the proposed
model is solved numerically using Runge-Kutta 4" algorithm.

3. RESULTS AND DISCUSSION

In this section, we will explain the development of mathematical model of dengue with and without
seasonal effect. Then, the dynamics of the model will be analyzed, such as the equilibrium the basic
reproduction number, and the stability analysis of the equilibrium. The sensitivity analysis of the basic
reproduction number is carried out to determine the most influence model parameter. The numerical
simulation will complete the study of the model’s dynamics.

3.1 Mathematical model with non-seasonal aspect

In this sub-chapter, a mathematical model for the transmission of dengue fever will be developed,
including control in the form of vaccine and Wolbachia but without taking into account the seasonal aspect.
In this study, the total human population N, was divided into four compartments, which were susceptible
human Sj,, dengue-infected human I, vaccinated human V;,, and immune human R;. While the mosquito
population is separated into two broad types, non-Wolbachia mosquitoes N, and mosquitoes with
Wolbachia N,,. The non-Wolbachia mosquito population was separated into four compartments: eggs of
non-Wolbachia mosquitoes 4,,, susceptible of non-Wolbachia mosquitoes S,,, mosquitoes infected with
dengue I,,, and mosquitoes infected with Wolbachia B,. Meanwhile, the Wolbachia mosquito population was
separated into two compartments: mosquito eggs with Wolbachia A,, and susceptible mosquitoes with
Wolbachia S,,. Table 1 includes comprehensive explanations of each compartment.

The mathematical model developed is a modification and combination of [14] and [17]. In contrast to
[17] , the compartment V;, was added in this study to accommodate the number of persons who had been
vaccinated. Vaccination is considered to be transitory, allowing the R;, compartment to lose its immunity and
revert to the susceptible compartment S;,. Unlike [14], humans in the V,, compartment shift to the R,
compartment at a proportion equal to the vaccine's effectiveness. P,, 4,, and S,, compartments were also
included to examine the impact of Wolbachia spread on the dynamics of Aedes aegypti mosquitoes.

The model is based on assumptions about the dynamics of dengue virus transmission in real-world
scenarios. The following assumptions are made in this study: i) the total human population and the total
mosquito population are constant; ii) immunity from vaccination and recovery is temporary, so immune
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humans will become vulnerable again when they lose their immunity; (iii) humans infected with dengue can
spread the virus, causing mosquitos to become infected if they interact with infected humans; iv) mosquitos
infected with dengue will remain infected for the rest of their lives; (v) there is no vertical transmission from
parent to child; (vi) a Wolbachia-infected mosquito bite does not result in dengue infection.

Susceptible humans will increase with a recruitment rate of A. Susceptible humans will become

infected if bitten by a mosquito carrying the dengue virus, with a virus transmission rate of % Infected
h

humans will recover with a recovery rate of yI, after receiving treatment. Vaccination was administered at a
rate of §5,to the susceptible human compartment. This model examines the imperfect vaccine component,
specifically conditions where the vaccine's efficiency has not reached 100%. As a result, humans who have

been vaccinated have a risk of being infected with dengue at a rate of (1 — q) %. The R;, compartment
h

consists of immunity from medication and vaccination. As soon as immunity starts to decrease,
compartment R, will switch to compartment S;,. Each of the Sy, I, V3, and R, compartments will decrease
at a rate of u;, death on its own.

In the mosquito population, it is hypothesized that Aedes aegypti mosquitoes carrying Wolbachia are
discharged into the environment and mate with non-Wolbachia Aedes aegypti mosquitoes. Wolbachia
bacteria in Wolbachia-infected mosquitos will spread to other mosquitos, weakening the dengue virus in
mosquitos. As a result, these mosquitoes will be unable to spread the dengue virus.

Mosquitos

IMVS,;
I,S,
P EA,, ﬁth v
" Ay Sy . " I
Human .upAvl 8.5, J' wl,
PRy
cA
v Boly
By
=y
—
h BunlySn l,u,,P,,
llhshi Ny
S, 0., nA 1S,
n AW w N SW Hywow
lﬂwAw
A
(@) (b)

Figure 1. Dengue Virus Transmission Diagram (a) in Human Population (b) in Mosquitos Population

Figure 1 shows the dengue virus transmission diagram. A complete description of the model
parameters is given in Table 2. Based on the explanation above, a mathematical model for the distribution of
dengue without seasonal aspects is obtained in the following Equation (5):

s I,

d—th = A= Bpo-Sp— (6 + up)Sh + PRy
h

dly

IV IV
T Br N_hSh +(1- CI).BhN—th — (v + updly

av Iy
—dth =68 = (A= @)Br -V — (@ + 1)V
h

ddith = VI +qVh — (P + up)Rp

2 =0, — (e + 0+ 1,)A, (5)
% = €A, — B%’;SV — (B1 + 1)Sy

% = B%};SU_ (.30 + .uv)lv

% =04y + Boly + P15y — Py

dA,

dat gw - (77 + MW)AW
F = nAw - .uwa
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Table 1. Model Compartment Description

Notation  Description Unit
Sp(t) Humans who are susceptible to dengue infection when t Person
In(t) Humans infected with the dengue virus when t Person
V,(t) Humans who have been vaccinated when ¢ Person
R (t) Humans who are immune when ¢t Person
A, () Mosquito eggs with Wolbachia when t Mosquito
S () Wolbachia mosquitoes that are susceptible to dengue infection when t Mosquito
A, Non-Wolbachia mosquito eggs when t Mosquito
S,(t) Non-Wolbachia mosquitoes that are susceptible to dengue infection whent  Mosquito
1,(t) Dengue-infected non-Wolbachia mosquitoes when t Mosquito
P, (t) Non-Wolbachia mosquitoes infected with Wolbachia bacteria when t Mosquito
Table 2. Model Parameter Description
Notation Description Value Unit
A Human recruitment rate Np [13] Person.Day?
365%x70
Un Human mortality rate L [13] Day*
365%x70
Bn The probability of dengue virus transmission from 0.002 [14] Person-Day!
mosquitos to humans -Mosquito™
1) The average number of humans vaccinated 0.2[12] Day?
p Waning immunity period % [Assume] Day*
q Vaccine effectiveness 80% [Assume] Day*
y The cure rate for infected humans i [14] Day!
6, The recruitment rate of Wolbachia-infected Ny [12] Mosquito.Day*
mosquitoes
T The death rate of Wolbachia-infected mosquitoes % [12] Day?
n Rate of transformation of Wolbachia mosquito eggs ~ 0.00854 [12] Day!
into Wolbachia mosquitoes
0, The recruitment rate of non-Wolbachia mosquitoes u,N, [12] Mosquito. Day™
Uy The death rate of non-Wolbachia mosquitoes % [12] Day*
£ The transformation rate of non-Wolbachia eggs to 0.0238 [12] Day*
non-Wolbachia mosquitoes
o Wolbachia release rate to nature 0.2 [12] Day!
By The proportion of dengue virus transmission froman  0.1718 [12] Day!
infected human individual to a mosquito
B The proportion of contact between non-Wolbachia 0.0087 [12] Day!
susceptible mosquitoes and Wolbachia-infected
mosquitoes
Bo The proportion of contact between dengue-infected 0.0195[12] Day*
mosquitos and Wolbachia-infected mosquitos
N, Total human population 106 [Assume] Person
N, Total population of non-Wolbachia mosquitos 8000 [Assume] Mosquito
N, Total population of Wolbachia mosquitoes 3000 [Assume] Mosquito

3.2 Stability Analysis of Equilibrium Points

The model equilibrium point is reached when there is no change in the dynamics of the system, or

das dl av dR dA das dl, dP, dA das, .
when =2 = —h = —h - "h - 0 20w - "0 - — ¥ - ZW — W — 0, The dengue model in the system
dt dt dt dt dt dt dt dt dt dt

(1) has two equilibrium points, the non-endemic equilibrium points E, and the endemic equilibrium point E; .
The non-endemic equilibrium point is reached when there is no disease transmission in the
population (I, = I,, = 0). Equation (1) has the following equilibrium point Ej:

Ey = (ShO: 0, Vho, Puos Avor S0, 0, Puo, Ao, Swo) (6)
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A(q+up)(p+up) _ AS(p+up)

where Sho = uh(u?ﬁ(p+q+6)#h+(p+q)6+pq)'Vho B uh(u?ﬁ(p+q+6)uh+(p+q)6+pq)'Rho -
Adq A — 0y Ry — Oye — (uyo+B10+P1£)0, —

(i ++a+®un+@+)s+pq)” V0 T ptote’ TUV0 T (uprore)(wptB)’ V0 T (uptate)(uptBuy” WO

Ow — N6y

Uw+n ’owo l‘w(#w"'n).

Before analyzing the stability of the equilibrium point, the basic reproduction number of the system
Equation (1) must first be calculated. The basic reproduction number is the number of secondary infections
resulting from the primary infection to which the entire population is susceptible [18]. The basic reproduction
number R, is the threshold for the spread of the disease. If Ry, < 1 the infection will become extinct, but if
Ry > 1 it will result in a pandemic situation. The amount of R, is determined using the Next Generation
Matrix (NGM) method [18]. First, create a vector with the compartments that may induce virus
transmission, x = (I, I,)T. Then decompose x into F — V to generate the Jacobi matrix of F and V which

are evaluated at the non-endemic equilibrium pointsE,, [ = Z—J: andV = ‘;—Z . Obtained F =
BnlySh _ Iy, BnSn _ NBrVn
Nn, + (1 q)ﬁh N Vh v _ (O/ + .uh)lh) F 0 N + (1 Q) Np, and V=
BvlnSy , (ﬂo + )by BoSy 0 ,
Np Np
+ . . .
(Vh 0 bn By + 1 ) Furthermore, the Next Generation Matrix (NGM) can be formed using the
0 v
formula NGM = FV~! as follows:
0 Br(Shot+(1=q)Vho)
NGM = (Bo+uy)Np, )
ﬁvSIJO 0
Np(Yn+un)
_ Aa+un) (p+un) _ AS(p+un) _ bve
where Spo = uh(u,€+(p+q+8)uh+(p+q)6+pq)’Vho tn(ph+(P+q+8) pp++a)8+pq)’ and Syo (Hpt+o+e)(up+B1)’

The basic reproduction number is obtained from the largest eigenvalue modulus of the NGM matrix,R, =
p(FV~1) = max]|1,|, as follows:

R. — V& n+un) (Bo+i) Br(Sno+(1—a@)Vho) BuSvo (8)
0 (Y r+ur) (Bo+iy)Np '

Theorem 1. The non-endemic equilibrium point Ej is locally asymptotically stable if Ry < 1.

Proof. The Jacobi matrix of system (1) which is evaluated at the equilibrium point E; as follows:

Bnly BnSn
- N—h -6— HUn 0 0 p 0 0 - N_h 0 0 0
Brly Iy BrSh Vi
o V=t A=@fpy- 0 0 0 N, TA-@by 0 0 0
B 0 i, 0 0 0 0 0 0 0
0 v P i, 0 0 0 0 0 0
0 0 0 0 —p,—o—¢ 0 0 0 0 0
]O = BvSy " Byln (9)
0 iy 0 0 e I —, 0 0 0 0
Np Np
BvSy Bvln
0 N_h 0 0 0 N_h —ﬁo — Uy 0 0 0
0 0 0 0 o B Bo -, 0 0
0 0 0 0 0 0 0 0 -u,—-n O
0 0 0 0 0 0 0 0 1 —thy

Furthermore, the eigenvalues obtained from the Jacobi matrix J, are A, = —py,, A, = —(u, + 0 +€), 43 =
—Uny Ao = —(p +p)y As = =y de = —(hw + 1), 47 = —(6 + up), g = —(B1 + wp), and Aq 14 are the

roots of Equation (6) below:

AZ + all + a, = 0 (10)

(Or+1m) (n+8) (o + B o+ Bo) (y+ 0+ )N~ B By ABye )
(Hp+0+8) (y+BNf (un+6) '

where a; = up + i, + o +y dana, =

According to the assumption of parameter positivity, a; > 0. The eigenvalue 441, Will be negative if a, >

0.
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(O+0) (un+ 8) o+ B1) (ot Bo) (y+ 0+ )N — B BBy £ ) >0
(Hy+o+) (U + BN (un+6)

a, =

& (0 + 1) @n + 8) @ty + By + Bo) (ty + 7 + EINE — BufByhB,) > 0

& (v + un)(up + ) (ty + By + Bo) (y + 0 + )N > BBy AB €

1> BnByAByE
V+up) (Un+8) (ty+B1) (y+Bo) (y+0+E)NE

= R3

In other words, if R < 1 & R, < 1, the eigenvalue A9, will be negative. Therefore, the non-endemic
equilibrium point E, is asymptotically stable if Ry < 1. ]

Based on Theorem 1, it is concluded that the non-endemic equilibrium point is asymptotically stable
if R, < 1. This means that disease-free conditions (the spread of dengue will stop or even become extinct)
will be achieved if the threshold R, in equation (8) can be reduced so that the value reaches Ry < 1. It is
possible to achieve it by decreasing parameters that have a positive impact on R, and increasing parameters
that have a negative impact on R,. The basic reproduction number R, in equation (8) has a complicated form.
Therefore, in subsection 3.3, a sensitivity analysis is provided to find out which parameters have the most
influence on changes in the R, value.

The proposed dengue mathematical model is very complicated, though, which makes it hard to figure
out the endemic equilibrium point analytically. This results in difficulty in analyzing the stability of the
endemic equilibrium point analytically. Therefore, the stability analysis of the endemic equilibrium point E;
can be carried out numerically by using the phase field with the help of the parameter values in Table 2.

3.3 Sensitivity Analysis

The sensitivity index is calculated using parameter sensitivity analysis, which gives a sense of the
magnitude of the influence of changes in parameter values on the dynamics of the model. The parameters
with an index value of one or a negative one has the largest influence on the model change rate. A sensitivity
analysis was performed on the basic reproduction number R, which is the threshold for disease spread. The
normalized sensitivity index of variable m to parameter k is defined by[16]:

"= aa_’: X % (11)
Thus, to obtain the sensitivity index of the § parameter to the basic reproduction number Ry, it is calculated
using the formula:
s = "a—’;; X Rﬁo. (12)

Parameters with a positive (negative) index will be directly proportional (inversely) to the basic
reproduction number Ry. In other words, an increase (reduction) in the positive index parameter will
accelerate (slow down) the rate of disease transmission. In contrast, an increase (reduction) in the parameter
with a negative index will halt (accelerate) the spread of the disease. By applying the formula in Equation
(7) to the basic reproduction number R, in Equation (4), the parameters {A, B, By, 6,,} €ach have a sensitivity
index of 0.5. While the other parameters have a complex sensitivity index. Therefore, the parameter values
in Table 2 are used to obtain the sensitivity index values. In Table 3, all of the parameter sensitivity index
values are listed. According to Table 3, there are parameters with positive indices such
as {A, Bn, B, 65, 6, p, €} and negative indices such as {un, q, 4y, 7, B1, Bo}. If the infection rate B;, increases
(decreases) by 10%, then the value of R, will increase (decrease) by 5%. In the opposite case, if the
effectiveness of the g vaccine increases (reduces) by 10%, the R, value decreases (increases) by 2.045%.

Table 3. Parameter Sensitivity Index

Parameter Sensitivity Index Parameter Sensitivity Index
A 0.5 Uy -0.8652
Un -0.1107 £ 0.4562

B 05 o -0.3684




2312 Sa‘adah, et. al. ~ MATHEMATICAL MODELS OF DENGUE TRANSMISSION DYNAMICS WITH...

Parameter Sensitivity Index Parameter Sensitivity Index
5 0.0016 By 0.5
p 0.4910 By -0.0772
q -0.2045 Bo -0.1453
0, 0.5

3.4 Mathematical Models Of Dengue Transmission Dynamics With Seasonal Aspect

In this sub-chapter, mathematical models of dengue transmission in the Equation (1) is modified by
including the seasonal aspect. It is assumed that the birth rate of mosquitoes varies according to season using
the sine function with a one-year period, as shown below:

(1 + Asin (%)) (13)

where A is the strength of seasonality, 0 < A < 1. Thus, the mathematical model of dengue transmission
dynamics with seasonal aspect can be stated as follows:

ds I,
at = A= Buy-Sn— (8 + u)S + PRy

dal I Iy

2t = Bry S+ (L= DBn Vo = 0 + )l

av I,

2 = 05— (1= @By Vi = (@ + i)V

dR

—o =Vl +qVh — @+ un)Ry

dA, . (2mt

o = O (1 + Asin (%)) —(e+ 0+ u)4, (14)
% =€ed, — BUAIIZSV = (B1 + wy)Sy

% — BylnSy _

;FL: - Np, (ﬁo + .uv)lv

d_tv =04y + Boly + P15y — WPy

'%W =0, (1 + Asin (%)) —(n+ Ay

ddi:/ =nAy — UwSw

Compartment descriptions and parameters can be seen in Table 1 and Table 2.

3.5 Numerical simulation

Air temperature has the potential to influence dengue virus transmission in mosquito populations.
Therefore, three weather scenarios are included in this simulation: scenario 1 for cold weather (air
temperature 14 °C), scenario 2 for hot weather (air temperature 26 °C), and scenario 3 for moderate weather
(air temperature between 14 and 26 °C)[8] . Table 4 shows the parameter scores in the three scenarios. Then
three variations of the seasonal strength factor A are used, namely A = 0.1,A = 0.3, and A = 0.8 [14]. The
simulation was carried out using the parameter values listed in Table 2 at a simulation time of t = 365 days.
The initial values for each compartment were (Sho, h0» Vio» Rho» Avos Svor Ivos Poor Awor Swo) =
(83297,233,0,90,4500,2500,1500,100,800,200 ). The solution of the proposed model is solved
numerically using Runge-Kutta 4™ algorithm.

Table 4. Parameter scores of three scenarios

Parameter Scenario 1 Scenario 2 Scenario 3
(cold climate) (hot climate) (mild climate)
B 0.11 0.95 0.2
By 0.12 0.99 0.2
Uy 0.04 0.03 1/15
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Figure 2 shows the simulation results for Scenario 1 (cold climate). Based on Figure 2, there aren't
many changes between the population dynamics I,, and I, when there are seasonal effects and when there
aren't. The simulation results for scenario 2 (hot climate) are shown in Figure 3. Figure 3 (c) shows that
seasonal factors have a significant impact on the dengue infected human population 7. The peak of infection
in this scenario is the highest of the three, reaching 11 thousand people. The simulation results for scenario 3
(mild climate) are presented in Figure 4. According to Figure 4, there are very slight variations in population
dynamics between I,, and I, under seasonal and non-seasonal. Even after reaching a high peak of infection,

the total human population infected with denguel,, may decrease to zero in all three scenarios. This is due to
the parameters of vaccination and the release of Wolbachia into the wild.

Meanwhile, based on the simulation results of the three scenarios in Figure 2 — Figure (4), it can be
seen that the population dynamics of susceptible-Wolbachia mosquitoes (S,,) are strongly influenced by
seasonal effects. The greater the seasonality, the greater the fluctuation in the population of susceptible-
Wolbachia mosquitoes. This means that in certain periods, the population of susceptible-Wolbachia

mosquitoes will boom. And conversely, in other periods, the population of susceptible-Wolbachia mosquitoes
will decrease quite drastically.

Figure 2 — Figure (4)also displays the dynamics of the vaccinated human population (V},) based on
the application of the three scenarios. In Figure 2 (scenario 1) and Figure 4 (scenario 3), the V,, population is
not significantly affected by seasonal factors applied to mosquito population dynamics. However, in Figure
3 (Scenario 2), the V},, population is quite affected by seasonal factors. Based on Figure 3, the greater the

seasonal effect, the greater the influence on the population size (V,,). Overall, seasonal effects influence the
dynamics of the entire population in the dengue model that has been prepared.
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Figure 2. The Dengue Model Dynamic of (a)I,, (b)S,, (c)I, (d)V, with Seasonal and Non-Seasonal Aspects for
Scenario 1
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Figure 3. The Dengue Model Dynamic (a)I,, (b)S,, (c)I;, (d)V;, with Seasonal And Non-Seasonal Aspects For
Scenario 2
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Figure 4. The Dengue Model Dynamic (a)I,, (b)S,, (c)I;, (d)V}, with Seasonal And Non-Seasonal Aspects For
Scenario 3

4. CONCLUSIONS

A mathematical model for the spread of dengue has been developed by evaluating the seasonal variables
that influence the dynamics of the mosquito population. The periodic term on the mosquito birth rate
represents the seasonal aspect. Based on the stability of the equilibrium point analysis, it is discovered that
the equilibrium point free of disease is locally asymptotically stable if Ry < 1. Then, using three different
scenarios based on air temperature changes, a numerical simulation was performed. Based on numerical
simulations, it was discovered that seasonal variables provide mosquito dynamics with an annual recurring
pattern. The largest peak of infection in humans is produced by numerical simulation in scenario 2 (air

temperature 26 °C), with 11 thousand infected persons. Following the model used which involves vaccination
and Wolbachia release, the peak of the infection may reduce to zero infections.

ACKNOWLEDGMENT

We appreciate LPPM Institute of Technology Telkom Purwokerto's support of research through the

internal grant program. Additionally, we would want to express our gratitude to everyone who helped make
the research process easier and more trouble-free.

2315



2316 Sa‘adah, et. al. ~ MATHEMATICAL MODELS OF DENGUE TRANSMISSION DYNAMICS WITH...

REFERENCES

[1] Kemenkes, “Masuk Peralihan Musim, Kemenkes Minta Dinkes Waspadai Lonjakan DBD,” 2022.
https://sehatnegeriku.kemkes.go.id/baca/lumum/20220923/3741130/masuk-peralihan-musim-kemenkes-minta-dinkes-
waspadai-lonjakan-dbd/ (accessed Jul. 29, 2023).

[2] E. Pliego-Pliego, O. Vasilieva, J. Veldzquez-Castro, and A. Fraguela Collar, “Control strategies for a population dynamics
model of Aedes aegypti with seasonal variability and their effects on dengue incidence,” Appl Math Model, vol. 81, pp. 296—
319, May 2020, doi: 10.1016/j.apm.2019.12.025.

[3] E.Maand G. Cheng, “Host immunity and vaccine development against Dengue virus,” Infectious Medicine, vol. 1, no. 1.
Elsevier B.V., pp. 50-58, Mar. 01, 2022. doi: 10.1016/j.imj.2021.12.003.

[4] M. Hussain, K. Etebari, and S. Asgari, “Analysing inhibition of dengue virus in Wolbachia-infected mosquito cells
following the removal of Wolbachia,” Virology, vol. 581, pp. 48-55, Apr. 2023, doi: 10.1016/j.virol.2023.02.017.

[5] P.A.Rossetal., “A decade of stability for wMel Wolbachia in natural Aedes aegypti populations,” PLoS Pathog, vol. 18,
no. 2, Feb. 2022, doi: 10.1371/journal.ppat.1010256.

[6] A.G. Algamdi, F. M. Shaher, and J. A. Mahyoub, “Biological comparative study between Wolbachia-infected Aedes
aegypti mosquito and Wolbachia-uninfected strain, Jeddah city, Saudi Arabia,” Saudi J Biol Sci, vol. 30, no. 3, Mar. 2023,
doi: 10.1016/j.5jbs.2023.103581.

[71 1. M.C.N.-G. G. F. N. M. Dorigatti, “Using Wolbachia for Dengue Control: Insights from Modelling,” Trends Parasitol,
vol. 34, no. 2, pp. 102-113, Feb. 2018.

[8] Fatmawati, F. F. Herdicho, Windarto, W. Chukwu, and H. Tasman, “An optimal control of malaria transmission model with
mosquito seasonal factor,” Results Phys, vol. 25, Jun. 2021, doi: 10.1016/j.rinp.2021.104238.

[9] Z. Da, C. Moreira, A. Setyobudi, H. Jillvera, and N. Ndun, “The Correlation between 3M+ Behavior and The Incidence of
Dengue Hemorrhagic Fever in Kupang City,” J Community Health, vol. 2, no. 1, pp. 34-43, 2020, doi: 10.35508/ljch.

[10] D. Suandi, F. Ilahi, R. Ramdhani, and E. S. Nugraha, “Qualitative Behavioral Analysis in Mosquito Dynamics Model with
Wolbachia,” Communication in Biomathematical Sciences, vol. 6, no. 1, pp. 1-10, Jan. 2023, doi: 10.5614/cbms.2023.6.1.1.

[11] 1. Salam et al., “Modeling dynamic system for prediction of dengue hemorrhagic fever in maros district,” Open Access
Maced J Med Sci, vol. 9, pp. 901-905, Jan. 2021, doi: 10.3889/0amjms.2021.7098.

[12] Y. Wang, Y. Li, L. Liu, and X. Liu, “A periodic Chikungunya model with virus mutation and transovarial transmission,”
Chaos Solitons Fractals, vol. 158, May 2022, doi: 10.1016/j.chaos.2022.112002.

[13] W. Wang, M. Zhou, T. Zhang, and Z. Feng, “Dynamics of a Zika virus transmission model with seasonality and periodic
delays,” Commun Nonlinear Sci Numer Simul, vol. 116, Jan. 2023, doi: 10.1016/j.cnsns.2022.106830.

[14] M. Z. Ndii, “The effects of vaccination, vector controls and media on dengue transmission dynamics with a seasonally
varying mosquito population,” Results Phys, vol. 34, Mar. 2022, doi: 10.1016/j.rinp.2022.105298.

[15] J.Zhang, L. Liu, Y. Li, and Y. Wang, “An optimal control problem for dengue transmission model with Wolbachia and
vaccination,” Commun Nonlinear Sci Numer Simul, vol. 116, Jan. 2023, doi: 10.1016/j.cnsns.2022.106856.

[16] X. Wang, H. Wang, and M. Y. Li, “R0 and sensitivity analysis of a predator-prey model with seasonality and maturation
delay,” Math Biosci, vol. 315, Sep. 2019, doi: 10.1016/j.mbs.2019.108225.

[17] T. A. Prasetyo, R. Saragih, and D. Handayani, “Genetic algorithm to optimization mobility-based dengue mathematical
model,” International Journal of Electrical and Computer Engineering, vol. 13, no. 4, pp. 4535-4546, Aug. 2023, doi:
10.11591/ijece.v13i4.pp4535-4546.

[18] Badan Pusat Statistik, “Angka Harapan Hidup (AHH) Menurut Provinsi dan Jenis Kelamin (Tahun), 2020-2022,” 2020.
https://www.bps.go.id/indicator/40/501/1/angka-harapan-hidup-ahh-menurut-provinsi-dan-jenis-kelamin.html (accessed Jun.
29, 2023).



