RESEARCH ARTICLE ¢ OPEN ACCESS

The Analysis of Epidemic Dynamical Models for Dengue
Transmission Considering the Mosquito Aquatic Phase

N. Inayah et al.

Volume 6, Issue 3, Pages 173-182, September 2025

Received 25 December 2024, Revised 25 March 2025, Accepted 19 May 2025, Published Online 1 September 2025

To Cite this Article : N. Inayah et al.,"The Analysis of Epidemic Dynamical Models for Dengue
Transmission Considering the Mosquito Aquatic Phase”, Jambura J. Biomath, vol. 6, no. 3,
pp. 173-182, 2025, https://doi.org/10.37905/jjbm.v6i3.29332

© 2025 by author(s)

JOURNAL INFO ¢ JAMBURA JOURNAL OF BIOMATHEMATICS

A Homepage :  httpy/ejurnal.ung.ac.id/index.php/J]JBM/index

B  Journal Abbreviation  : Jambura J. Biomath.

A% Frequency :  Quarterly (March, June, September and December)
cematics OE  Publication Language : English

@ Dol : https:/doi.org/10.37905/jjbm

RB  Online ISSN : 2723-0317

© Editor-in-Chief :  Hasan S. Panigoro

B  Publisher :  Department of Mathematics, Universitas Negeri Gorontalo

[3  Country : Indonesia

OAI Address :  httpy//ejurnal.ung.ac.id/index.php/jjbm/oai

T Google Scholar ID ¢ XzYgeKQAAAAJ

& Emall : editorial.jjbm@ung.ac.id

Jurnal limiah Matematika, Sains dan)

JAMBURA

JAMEBURA

JOURNAL GF MATHEMATICS EDUCATION

PUBLISHER

DEPARTEMERT OF MATHEMATICS

FACULTY OFWATHEMATICS AND NATURAL SCIENCE
STATE UNIVERSITY OFGORONTALD

VOL L NO. L MARET 2020

PUBLISHIR
DEPARTMINT OF MATMIMATICS.

FACULTY OF MATHEMATICS ANG RATVEAL SCIENCES
"UNIVIASITAS NIGIL GORONTALD

‘_—
EULER : Jurnal llmiah
Matematika, Sains, dan
Teknologi

Jambura Journal of Jambura Journal of Jambura Journal of
Mathematics Mathematics Education Probability and Statistics



https://doi.org/10.37905/jjbm.v6i3.29332
http://ejurnal.ung.ac.id/index.php/JJBM/index
http://u.lipi.go.id/1593403037
https://ejurnal.ung.ac.id/index.php/JJBM/about/editorialTeamBio/3898
http://ejurnal.ung.ac.id/index.php/jjbm/oai
https://scholar.google.co.id/citations?user=XzYgeKQAAAAJ&hl=id&authuser=5
mailto:editorial.jjbm@ung.ac.id
http://ejurnal.ung.ac.id/index.php/jjom/index
http://ejurnal.ung.ac.id/index.php/jmathedu/index
http://ejurnal.ung.ac.id/index.php/jps/index
http://ejurnal.ung.ac.id/index.php/euler/index

Jambura Journal of Biomathematics, Volume 6, Issue 3, Pages 173-182, September 2025

Research Article

The Analysis of Epidemic Dynamical Models for Dengue
Transmission Considering the Mosquito Aquatic Phase

https://doi.org/10.37905/jjbm.v6i3.29332

W) Check for updates

, Muhammad Manaqib'(", Nina Fitriyati'("', Madona Yunita Wijaya' (),

, and Flori Ratna Sari®

Nur Inayah!*
Andrew Fiade?

! Department of Mathematics, Faculty of Sciences and Technology, UIN Syarif Hidayatullah
2Department of Informatics, Faculty of Sciences and Technology, UIN Syarif Hidayatullah
3Department of Pharmacology, Faculty of Medicine, Universitas Islam Negeri Syarif Hidayatullah

ARTICLE HISTORY
Received 25 December 2024
Revised 25 March 2025
Accepted 19 May 2025
Published 1 September 2025

ABSTRACT. This study generalizes the dengue transmission model by considering the dynamics of the human pop-
ulation and the Aedes aegypti mosquito population. The mosquito population is devided into two phases, i.e., the
aquatic phase and the adult phase. From the model, we seek the disease-free equilibrium, endemic equilibrium, and
basic reproduction number (Ro) points. The model yields a single basic reproduction number which determines the
system’s behavior. If Ro < 1, the disease-free equilibrium is locally asymptotically stable, indicating that the disease
will die out. Conversely, if Ro > 1, an endemic equilibrium exists, and the disease may persist in the population.
Next, a numerical simulation is performed to geometrically visualize the resulting analysis and also to simulate the
dengue transmission in DKI Jakarta Province, Indonesia. The resulting numerical simulation supports our analysis.
Meanwhile, the simulation in DKI Jakarta Province suggests that the dengue fever disappears after 60 days from
the first case appearance after controlling the mosquito population through fogging and the use of mosquito larvae
repellent. Lastly, the sensitivity analysis of Ro indicates that parameters related to the mosquito’s aquatic phase have
a strong influence on dengue transmission, meaning that small changes in these parameters can significantly increase
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or decrease the value of R and thus the potential for an outbreak.

This article is an open access article distributed under the terms and conditions of the Creative Commons
Attribution-NonComercial 4.0 International License. Editorial of [JBM: Department of Mathematics, Uni-
By _NC versitas Negeri Gorontalo, JIn. Prof. Dr. Ing. B. J. Habibie, Bone Bolango 96554, Indonesia.

1. Introduction

Dengue fever (DF) is one of the epidemic diseases which re-
main an issue to the public health in Indonesia, as it can have the
potential to cause extraordinary events. As reported by the the
Indonesian Ministry of Health, the death rate caused by dengue
fever since 1968 has reached 41.3 % of the total number of suf-
ferers. However, since 1991 the number of mortalities has sta-
bilized below 3 %. As reported in Jakarta and Surabaya in 1968,
there were 58 cases of dengue fever with 24 deaths [1], while in
1991 there were 58,501 cases with 1,414 deaths [2]. The data
from the Indonesian Ministry of Health [3] indicates that in 2019
the number of dengue patients reached 138,127 cases. This num-
ber has increased as compared to 2018, which reported 65,602
cases. Deaths due to DF in 2019 also experienced an increase as
compared to 2018, i.e., from 467 to 919 death cases. The dengue
transmission has also been evenly distributed to 34 provinces in
Indonesia.

DKI Jakarta Province, the capital city of Indonesia, had a
population of 10.56 million in 2020 [4]. With its large popu-
lation and high density, DKI Jakarta faces recurring outbreaks
of infectious diseases such as DF. Based on data from the DKI
Jakarta Provincial Government through the Health Office, there
were 4,541 cases of DF fever in the first quarter of 2019. In 2019,
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the incidence rate (IR) of DF per 100,000 residents in DKI Jakarta
was recorded at 82.45 or greater than the national average of
51.53 [3]. Efforts made by the DKI Jakarta Provincial Government
in controlling the dengue outbreak are by fogging and inspec-
tion of larvae by the Larva Monitoring Officers (Jumantik) in areas
where dengue cases are found.

DF is not transmitted through human-to-human contact but
is transmitted through the bite of an Aedes spp mosquito in-
fected with the dengue virus [5]. Female mosquitoes store the
virus in their eggs. While male mosquitoes will store the virus
in female mosquitoes during sexual contact. The dengue virus
enters the human body through the saliva injected by a female
Aedes mosquito during a bite. Once inside the body, the dengue
virus enters the bloodstream and targets macrophages, its pri-
mary host cells. The immune system attempts to block the virus,
but it can still replicate within the body [6].

The seasonal factor is one of the factors causing the out-
break of DF in Indonesia [7, 8|. During the rainy season, dengue
fever cases generally increase due to a large amount of standing
water [9]. Stagnant rainwater or residual flooding are the most
ideal places for Aedes mosquitoes to lay eggs. Mosquitoes will
breed more easily and quickly in a humid environment. Simi-
larly, during the transition season (transition from dry to rainy
season, or vice versa), sometimes the ambient temperature will
also feel more humid. This makes the period of virus’ incubation


https://orcid.org/0000-0002-4071-840X
https://orcid.org/0000-0002-5439-5867
https://orcid.org/0000-0002-7925-7137
https://orcid.org/0000-0001-9142-7197
https://orcid.org/0000-0002-6541-2650
https://orcid.org/0000-0002-0216-1428
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.37905/jjbm.v6i3.29332
https://doi.org/10.37905/jjbm.v6i3.29332
mailto:nur.inayah@uinjkt.ac.id
http://ejurnal.ung.ac.id/index.php/JJBM/index
http://u.lipi.go.id/1593403037

— The Analysis of Epidemic Dynamical Models for Dengue Transmission Considering the Mosquito Aquatic Phase...

174

T (u, +a,)4
Ko(S,+E, +1,)
Aquatic —3 A
R
II !
,/ I
4 s F : b
. 1
el 5 ] Sm li\
(/Im + am)lm o E : bthm N (vum * am)Sm
Mosquito «— ] = E f' S, —
m m
1 A
; L, +a,E, |
. i
1 I
1 I
1 S, I !
v m 3
N, b/)’,,,/, N, ok Vadh
Human —x 8 E, I, R,
l S, l,u,.!E,) l/lklh l R,

Figure 1. Flowchart diagram of the dengue transmission model

in the mosquito’s body faster [10]. This means that mosquitoes
will have more chances to infect a large number of people in a
short period. In addition, the rate of mosquito bites and the
growth rate of mosquitoes will increase in the transition period
[10]. These seasonal effects are described as the Aides Aigepty
mosquito population which depends on the ambient air temper-
ature [11].

Mathematical modeling plays a crucial role in disease epi-
demiology, with the Kermack-McKendrick model, introduced in
1927 [12], being a cornerstone of classical theory used in the
modeling of disease spread. Traditionally, these models focus
on the human population, but more recent studies also consider
the role of the vector population in transmitting diseases. For
instance, Aldila et al. [13], Esteva and Vargas [14], Ismayasinta
et al. [15], and Scott and Morrison [16] explored the impact of
mosquito vectors on the transmission of Dengue Fever (DF), while
Banni et al. [17], Ahkrizal et al. [18], and Oladapo et al. [18] in-
vestigated their role in the transmission of Malaria. Additionally,
the environment, particularly water, has been shown to influence
the spread of several diseases, such as Cholera [19] and DF [10].
Tien and Earn [20] extended Cholera models by incorporating wa-
ter as a factor, using the SIWR model. Similarly, the inclusion of
water in Dengue models is relevant, as mosquito life stages such
as pupae, larvae, and eggs occur in water. While these studies
have contributed significantly to understanding disease spread,
a key research gap remains in the integration of both vector pop-
ulations and environmental factors like water and temperature in
a unified model, especially in the context of DE

In this research, the spread of DF is modeled mathemati-
cally by taking into account the dynamics of the human popula-
tion and the Aedes Aegypti mosquito population. The mosquito
population is divided into two phases, namely the aquatic phase
and the adult phase, with control measures applied through fog-
ging and the use of larvicides, while also considering the influ-
ence of temperature on parameters related to mosquito popula-
tion dynamics. After the model is obtained, we determine the
equilibrium point, basic reproduction number, and stability of
the equilibrium point. Next, a model simulation is carried out to
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provide a geometric picture of the solution and to support the
obtained theorem, and simulate the spread of DF in DKI Jakarta
Province, Indonesia. Finally, a sensitivity analysis is conducted to
determine the most important model parameters in affecting the
spread of DE.

2. Model Formulation

The mathematical model used to determine the form of
the spread of DF is by taking into account the dynamics of the
human population and the mosquito population. The mosquito
population is devided into two phases, i.e., the pre-adult (imma-
ture) phase or the aquatic phase and the adult phase. The adult
mosquito divided into the susceptible mosquito S,,(¢), latent
mosquito E,,(t), and infected mosquito I,,(t) compartments.
In addition, a mosquito compartment was added in the aquatic
phase A(t). The human population is broken down into the
susceptible individuals S, (t), the latent individuals E}(¢), the
infected individuals Ij,(t), and the recovered individuals R}, (t)
compartments. Without loss of generality, we can re-write as
Sm(t) = Sy Em(t) = Em, In(t) = I, A(t) = A, Sp(t)
Sh, Eh(t) = Fy, Ih(t) = I, dan Rh(t) =Ry,

Figure 1 depicts the scheme for the spread of DF in this
study. Every individual born ( p, ) or mosquito born ( pf ) will
enter the susceptible compartment. Susceptible mosquitoes can
become latent mosquitoes due to biting infected humans with
a probability of S, and assuming the number bites per day is
b. Next, susceptible individuals can become latent individuals
due to being bitten by an infected mosquito with a probability
of Bmn. Latent individuals and mosquitoes will then become in-
fected after passing the incubation period with rate of o dan
om, respectively. After being infected, the individual will recover
from DF at a rate of ;. Meanwhile, the mosquito is assumed not
to have a recovery phase because of its short life span.

Each compartment will experience a natural death whose
rate is assumed to be equal to natural birth for individuals, adult
mosquitoes, and mosquitoes in the aquatic phase at the rate of
ks e, dan g, respectively. The mortality of mosquito is not
only due to natural deaths but also deaths due to human efforts
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to eradicate mosquitoes through fogging on adult mosquitoes
and the administration of mosquito larvae in the aquatic phase, at
the rate of «,,, dan «, respectively. The number of mosquitoes
in the aquatic phase increase as the adult female mosquitoes lay
their eggs, so let the intrinsic level of female adult mosquitoes
be 6. However, not all eggs will hatch into larvae, thus we de-
fine k as the ratio of eggs hatching to larvae. Dengue virus dis-
ease is transmitted through the bite of the female Aides Aegypti
mosquitoes, so let f as the ratio of female mosquitoes that hatch
from all eggs that hatch. Furthermore, mosquitoes in the aquatic
phase will turn into adult mosquitoes at a rate of .

Based on the explanation above, the transmission of DF
through the Aides Aegypti mosquito vector taking into account
the aquatic phase can be modeled through an ordinary nonlinear
differential equations system as follows:

dSh ShIm

DR N = BB 2T 4 S

g~ HalNn Bmn N, HnSh

dFEp Shilnm,

= bBmh—— — ) En,s

7 Bmh N, (on + pn) En,

dl,

dth =0onEn — (W + 1n) In,
dRh

= LI - LR 1y

dt Yhin — Hhitr
dSm Sth

dt € bﬁhm Nh (,um + am) Swu ( )
dE,, Smdn
SEm Ymth E
dt bﬁhm Nh (Um + Hm + am) m>
dl,,

W = UmEm - (ﬂm + am) Ima

dA

E :kfaNm_ (E+Na+aa)A7

where N, = S, + B, + I + Ry, and N,,, = Sy, + Epy + L.
For simplicity, we write the derivative function Z—’; = f. Next, the
system model (1) can be formed into a non-dimensional into the
following equations:

3 = ph — bBmnhShim — UnSh,
én = bBmhShim — Onen — finen,
Ih = OhCh — Yhih — Phin,

Th = Ynth — HhTh,

lém =E&a — bﬁhmsmih - (,U/m + am) Sm, (2)
ém = bﬂhmsmih — Om€m — (Mm + am) €m,
im = O0Om€m — (,U/m + am) Tms

a=kfl —ea— (g + o) a,

where
Sh Eh . Ih Rh Sm
Shp = M’eh = Fh’lh = Fh’rh = Niha‘Sm = M’
FE,, . 1, A
€m = Nimylm = M’a: Nim

The variable r does not give influence other equations, so the
7 equation can be ignored temporarily from the system. Thus
eq. (2) can be written as follows:

3 = ph — bBmnShim — UnSh,
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én = bBmhShim — Ohen — [Lhen,

in = Onen — Ynin — pnin,

Sm = €a — bBrpmSmin — (Lm + Qm) Sm, (3)

em = bBrmSmin — omem — (thm + Qm) €m,

tm = Omem — (m + Qm) im

a=Fkfl—eca— (o + aq) a.

The variables sy, ep, in, Th, Sm» €m, im are the susceptible indi-
vidual proportions, latent individuals, infected individuals, recov-
ery individuals, susceptible mosquitoes, latent mosquitoes, and

infected mosquitoes, respectively. Thus, we can define closed
sets

= {(sh,eh,ih,rh,sm,em,im,a) € Rﬁ_ | sp+en+in+rp
=1,8n + €m +im =1},

T' = {(Sh,€n,ih, SmsEmsim,a) | Irn, <13 (Sh,en,in, Sm,
€ms tm,a) € T*}.

3. Analytical Results

The dengue transmission model with Aedes aegypti
mosquito vector accounting for aquatic phase is in the form of
a nonlinear differential equations system. The system consists of
two equilibrium points. The first one is called a disease-free equi-
librium point (DFE) and the second one is an endemic equilibrium
point (END). Based on the definition, the equilibrium points for
the dengue transmission for system (3) is obtained if

Sh,:éh:ih:émzém:imzdzo- (4)

The DFE point is fulfilled if no individual is affected by
the disease, so that i, = 4, = 0. Next, by substitut-

ing i, = 4, = 0 to eq. (4), it is obtained a DFE F; =
kfOe kfo i -
(1, 0,0, eprgalle 0,0, b0 o). The END is ob

tained when the infected compartment is not zero, i.e., i; >

0 dan 4}, > 0, and thus the END on the system (3) is
B (8} €41 Sy €5 > @7),
* Hh
5= bBmnik, + pn’
el = bBmnintin
" (0Bmiti, 4 pn) (on + pn)’
it = bBmnim bhOh
(bBmniz + pin) (on + pn) (Vo + pn)’
oo kpoew

(64 pta + aa) U2’

em = - _
Om
i* _ (bﬂhm)Q kf@aam,uhah - \I/3
" Wy (i + am) (0 F pn) (Ve F pa)’
. kfo
(et pataa)’

U1 = (bBmitm + pn) (0n + pn) (Vo + pn) ,
Uo = (bBrm)? irinon + (fm + ctm) (BBmnin, + 1in) (on
+un) (Yn + pa)
U3 = pn (pm + Olm)z (on 4 pn) (Vn + pn) (Om + pm + am) (€
+ta + @),
(5)
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vy = (,Ulrn + a'm) (UTVL + pm + Oé'm) (5 + o + au) (bﬂh/m)2 HhOh-

3.1. Basic reproduction number
To determine the number of basic reproduction (Ry), the
next generation matrices are computed the following steps:
1. Perform linearization for the infected sub-system at Fj.
Then, a Jacobian matrix is obtained from equations
éh, ih, ém, and Zm

kfoe
1,0,0
J(, 7 7(84“/%1+O‘a)(l‘m+04m)

2. Decompose Jacobian matrix J = F - V' into matrix of trans-
mission F' and matrix of transition V.

) ) )

0 0 0 bBmn
F 0 0 0 0
= bBpmkfoe )
0 HatosGimtam 0 0
0 0 0 0
Oh + Un 0 0 0
V— —on Yh + Wn 0 0
0 0 Om + Um + Qm 0
0 0 —Om m + Om

3. Calculate Rg = p (FV~'). Then, we get a characteristic
equation (FV 1),

e (AQ N (bﬂhm)Qkf050h0m> o

Vs
and obtain,
\/ (b8m)? ki fOanom
RO = )
Uy
where

‘115 = (5 + fa + aa) (:um + am)Q (Uh + /Jh) (’Yh + Mh) (Um
+m + ) -

Theorem 1. The existence of DFE F is without any criteria while
the END E5 exists when Rg > 1.

Proof. The existence of an equilibrium point is indicated with
each positive element according to the conditions for the for-
mation of this model. Note that s}, e}, %7, s ,er , dan a* in the

E, (s}, ep,ir, sk ex i¥  a*) on eq. (5) are positive if and only

if i}, positive, so it needs to be shown that i}, > 0. Note that
_— (bBm)” kfOeompnon — Vg
(o + am) (Om + fm + ) (€ + fa + ) Y7
tih (bom + ) (o + ) (yn + pn) (R3 — 1)
(bBnm)” pnon + (fim + ) (on + pn) (vn + 1n)”
Wo = pn (km + @) (00 + pn) (v + 111) (Tm + pim
+ ) (& + pa + Qa),
Uy = (0Bpm)” 1non + (pm + ) (o0 + 1) (Y + ) -

because Ro > 1 then i,, > 0. O
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ko
°@+%+%J'
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3.2. Stability Analysis of Equilibrium Points
Theorem 2. If Ry < 1, then the DFE
kfo kfo
El la 0707 f c g Wy Wy f
(& 4 4 @) o - ) (€ + pa + )

is locally asymptotically stable.

Proof. The characteristic equation for J(Ey)is |J(E1) — AN[| =0
or equivalently

(th 4 A) (€ + pa + a + A) (m + @ +A) P =0,  (6)

where
P = ao)* + a1 N + aoX? + as) + ay (7)
ag = ].,

a1 =op +2up + vy + o + 2pm 4+ 200,

az = (Om + pm + am) (Hm + am) + (on + pin) (Y + f1n)
+ (ah + 2up + ’Yh) (om + 28 + 20m,)

az = (on + 2pn + 1) (Om + fim + @m) (fom + )
+ (Om + 24 + 200n) (on + pin) (Vo + 1)

ag = (on + pn) (Y + 1) (O + fim + @) (pm
+ am) (1 - R(Qj) .

Based on eq. (6), we obtain \y = —pup, Ay =
—(e+ pa+@a), A3 = — (ttm + ). To examine the sign
of the real part of the eigenvalues )4, \5, \¢ and A7, a Routh-
Hurwitz criterion is utilized. All parameters used are positive
then 0 < Ry < 1, so it is proven

aj

ag a
Ls0, 2>0 =2>0,

M. 8)
ap ap aon ap

Routh-Hurwitz Matrix for eq. (8) is

ap ag 0 O
asg az ai ao
as a4 az a2
0 0 0 a4

H= 9)

Based on matrix H, we get the following Hurwitz determinants:

Al = |a1|a

a1 Qg
as a2

= (on +2pn +0) ((on + pa) (v + pn) + (o + 2

+ 1) (O + 24t + 200) ) + (O + 24 + 200) ((0m
+ ftm + ) (m + @) + (0h + 204 +72) (Om

+ 2htm + 200),

ay ap 0
Az=|az a2 a1 |,
0 a4 Qs

= (on + 2pn +0) (Om + 24m + 200m) (Um + Hm
+ am) (m + ) (2(a7 + 26800 + Yhon + 1o

Ay =
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Table 1. The model parameters

177

No  Parameter  Description Value Range Ref.

1. Bhm The probability of dengue virus transmis- 0.5 0.3-0.75  [21]
sion vector to humans per bite.

2. Binh The probability of dengue virus transmis- 0.4 0.1-0.75  [22]
sion humans to vectors per bite.

3. oh The rate of transfer from latent to infected  1/7 0.1-0.25  [23, 24]
mosquito

4, Yh DF cure rate 1/7 0.1-0.25 [25]

5. f The ratio of female mosquitoes hatching 0.5 0-1 [26]
from eggs

6. k The ratio of hatching eggs to larvae 0.5 0-1 [10]

7. Qm, The mosquito’s rate of mortality due to fog-  0.844 5 0-1 [10]
ging

8. Qq The aquatic phase’s rate of mortality due to  0.844 5 0-1 [10]
mosquito larvae repellent usage.

9. h The rate of natural death and birth in the 0.77x 103  0-1 4]
human population

+3up + i vn + 2000 + V5) + (O + fim + Q) (B tion [11].

+ am)) + (O + 2t + 200m) (oh + 20 + Y1) (on
+ /Mz)2 (v + 1) + (on + 200 + ) (om + 24m
+ 2am)2 (on + pn) (vn + pn) (L + (0 + pn) (Ve + pn)
(bBhm)? kfOonom
(e + pa + @a) (tm + am
+ 24t + 200,

ay Qo 0 0

as a2 ai; Qo
as a4 Qa3 QA
0 0 0 a4

)(Uh+2ﬂh+7h+0m

Ay

I

Il
@
=
P>
&

then A7 > 0, Ay > 0, A3 > 0, Ay > 0, if Ry > 1. Thus, the
Routh-Hurwitz criterion is achieved. It is proven that the sign of
the real part of the eigenvalues A4, A5, Ag, and A7 is negative.
Since all eigenvalues from the Jacobian matrix J(E} ) is negative,
then it is proven FEj is locally asymptotically stable. O

4. Numerical Results

A numerical simulation is conducted to support our model
analysis shown in the previous section. Simulation for the
dengue fever cases in the DKI Jakarta Province is also carried out
in this study. The simulation for the dengue transmission model
with Aedes Aegypti mosquito vector considering for the aquatic
phase is performed by considering various parameters from sev-
eral studies. The parameters associated with the mosquito vector
depend on the temperature (7') and others are constant. The fol-
lowing explains in more detail for each parameter which depend
on the temperature (7).

1. Intrinsic oviposition rate for female adult mosquito [11].

O(T) = —5.4+1.87—0.2124T° +0.010157° —1.515 x 10~ *T"*.

(10)

To guarantee eq. (10) to be positive, it is assumed 7" > 12°C

and if " < 12°C then the intrinsic oviposition rate is set to
Zero.

2. Natural mortality and birth rates of adult mosquito popula-

| Jambura J. Biomath

i (T) = 0.8692 — 0.1599T 4 0.01116T> — 3.408 x 10~ *T°

+3.809 x 10797,
(11)

. Natural mortality and birth rates of mosquito population in

the aquatic phase [11].

pa(T) = 2.13 — 0.3797T + 0.02457T2 — 6.778 x 1074713

+6.794 x 107674,
(12)

. The rate of change from the aquatic phase to the adult phase

[11].

£(T) = 0.131 — 0.05723T 4 0.011647% — 0.0013417"
+0.000087237* — 3.017 x 1077°
+5.153 x 107876 — 3.42 x 1071077,
(13)

To ensure eq. (13) to be positive, it is assumed 10.54°C <
T < 33.41°Cand if T < 10.54°C or T' > 33.41°C then the
rate of change is set to zero.

. The daily biting rate [27].

b(T) = 0.0043T + 0.0943,21°C < T < 32°C.  (14)

Daily biting rate increases linearly from 0.18/ day at
temperature 7' = 21°C to 0.23/ day at
32°C.

. The rate of transfer from latent to infected mosquito.

0.00833 x 7 x exp (25422 (o — 1))
14 exp (7051%550 (308%352 - T%))
(15)

The relationship between temperature and extrinsic incuba-
tion rate [28] is given by eq. (15) where in T}, = 273.15+ T
degrees Kelvin and R = 1.987caldeg ™! mol ™" is the ideal
gas constant.

om(T) = 24 X
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Figure 2. Plot of actual (black line) and predicted (red line) values for the temperature data in DKI Jakarta Province
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Figure 3. Simulation results from System (3) with disease-free equilibrium point E;
The constant parameters listed in Table 1, obtained from  as follows:
various sources, include their values and corresponding ranges.
The temperature analysis for DKI Jakarta Province uses tem- y = 28.58548 — 0.006 cost — 0.0208 sint. (16)

perature data for DKI Jakarta Province from January 2017 to De-
cember 2019 obtained from the Meteorology, Climatology and
Geophysics Agency (BMKG). Temperature data was collected on
a daily period for 3 years from January 2017 to December 2019
with a total of 1095 data, an average of 28.58°C, a median of
28.60°C, and a variance of 0.91°C. The annual pattern of air tem-
perature is predicted using a harmonic model with the help of
R software and the result is shown in Figure 2. The prediction
values are quite close to the actual periodic temperature pattern
with the MAPE value of 2.3% which indicates high accuracy. The
prediction equation of the annual air temperature pattern in the
DKI Jakarta Province can be written as a time-dependent function
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A numerical simulation is performed to support Theorem 1 and 2,
and also to simulate the dengue cases in the DKI Jakarta Province.
Therefore, three scenarios are considered in the numerical simu-
lation:

4.1. System (4) Ry < 1

The first scenario uses temperature at 28.58°C for each pa-
rameter value that depends on the temperature, constant param-
eters in Table 1 (but some of these values were adjusted to ful-
fill the condition Ry < 1), and constant population. Some of
the parameters that were changes are «,,, = 0.123935468, oy, =
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Figure 4. Simulation results from System (3) with endemic equilibrium points E>

0.861433863, and p;, = 0.057568544. We obtain the initial re-
production number Ry = 0.4779649548. The simulation re-
sults are performed using Maple with initial values S;(0) =
0.8, Ex(0) = 0.05,1,(0) = 0.1,5,(0) = 0.8,E,(0) =
0.2,1,,(0) = 0.3, A(0) = 1., and are plotted in Figure 3.

Based on Figure 3, the population of susceptible individu-
als initially decreased until the 10! day, afterward it increased
until the 110" day and the population of susceptible individuals
reached point 1 and became stable onwards. The population of
infected individuals and infected mosquitoes decreased until the
55M day and they reached a point of 0 and ware stable at that
point. The population of susceptible mosquitoes increased until
the 110" day and it reached point 1 and ware stable onwards.
The population of latent individuals and latent mosquitoes de-
clined until the 50" day and 10" day, respectively, and they
reached point 0 and was stable onwards. Mosquitoes in the
aquatic phase are constant at point 1 . These results sug-
gest that when Ry < 1, the system (4) is stable towards
Ey(1,0,0,1,0,0,1). Furthermore, if we substitute the parame-

ter values into E (1,0,0 kfOe ,0,0 kjo ),

’ (5+l‘ar+aa)(l"m+O‘M) (et pataa)
we get F4(1,0,0,1,0,0,1). This indicates that our numerical
simulations are in line with Theorem 2, that E is asymptotically
stable if Ry < 1.

4.2. System (3) (Ro > 1)

To support Theorem 2, a numerical simulation is carried
out for Ry > 1. The parameter values are the same as
in the first simulation but the mosquito biting rate b is in-
creased to 0.5 . We obtain the initial reproduction number
Ry = 1.10253200 from the system (3). Since Ry > 1,
then according to [29], the disease will spread and reach the
endemic equilibrium point Es (s}, e}, i}, sk, ek, 4%, ,a*). or
E; = [0.9548940876,0.1290573860e — 1,0.9213138661e —
2,0.9772267089, 0.5836803545e — 2, 0.1352305708e — 1, 1]. Fig-

ure 4 presents the simulation results using Maple program with
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initial values S5 (0) = 0.8, E(0) = 0.05, I,(0) = 0.1, S,,,(0) =
0.8, E.,(0) =0.2, ,,(0) = 0.3, A(0) = 1.

Based on Figure 4, the susceptible individual population
initially decreased until the 10™ day, afterward it increased until
the 320" day, and the susceptible individual population reached
a point of around 0.96 and was stable at that point. The popula-
tion of infected individuals and infected mosquitoes decreased,
until the 250" day it reached a point of around 0.01 and was
stable at that point. The population of susceptible mosquitoes
increased, until the 320t day it reached a point of 0.98 and was
stable at that point. The population of latent individuals and la-
tent mosquitoes decreased, until the 250" day they reached a
point of 0.01 and were stable at that point. Mosquitoes in the
aquatic phase are constant at point 1. These results suggest that
when Ry > 1, the equilibrium points F is exists.

4.3. System (1) with dengue cases in the DKI Jakarta Province

The third simulation uses the parameter values that de-
pend on the temperature and also constant parameter values
in Table 1. Next, the annual pattern of air temperature in the
DKI Jakarta Province is presented in eq. (10). The simulation re-
sults use initial value S;(0) = 1.057 x 107, according to data
on the population of DKI Jakarta province in 2020. We use
S (0) = 1.057 x 107, A(0) = 1.057 x 108 based on the assump-
tion that the adult mosquitoes population is ten times the human
population and the number of mosquitoes in the phase of aquatic
is ten times the population of adult mosquitoes. This assumption
is based on previous studies that consider mosquito populations
to be significantly larger than the human population in endemic
areas, with a typical adult-to-human ratio ranging from 5:1 to
10:1 [30, 31]. The aquatic mosquito population is also assumed
to be an order of magnitude larger than the adult mosquito pop-
ulation, reflecting their life cycle dynamics [32]. Meanwhile, the
initial number of infected individuals I;,(0) is made into four
cases, 0,40, 80, dan 120 individuals. The initial number of in-
fected adult mosquitoes is assumed to be I,,,(0) = 1000 and the
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Figure 5. Simulation results from System (1) in DKI Jakarta Province with four different initial values of the infected population

subpopulation for latent and recovery individuals are assumed to
be zero E,(0) =0, E,,(0) =0, R,(0) = 0.

Based on Figure 5 for each initial condition, the popula-
tion of infected individuals will initially increase until the 10t
day and then decrease until the 60™ day to zero and stabilize at
that point. The peak number of infected individuals for the ini-
tial values I;,(0) = 0,1,(0) = 40, I(0) = 80, are 70, 80, 100,
and 120, respectively. This means that DF cases in DKI Province
are expected to peak on the 10" day, with the total number of
patients depending on the initial conditions. Afterward, the DF
patients will gradually decline and disappear around the 60" day
assuming a routine fogging and eradication of mosquito larvae
are carried out in the community.
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5. Sensitivity Analysis on the Number of Basic Reproduction

Parameters with a significant effect on Ry indicate that
these parameters are the most important factors in the DHF
spread. The sensitivity analysis in this study refers to studies
[33, 34]. The following is an example for the sensitivity index
Ry calculation for By,.

Ci = ORo &L—m

aﬁhm RO
Other parameters can be calculated in the same way. Next, it
is applied to the constant parameter values in Table 1 and the
time-dependent parameters eqs. (10) to (15) by taking a tempera-
ture at 28.58°C, i.e., average daily temperature in the DKI Jakarta
Province.

Volume 6 | Issue 3 | September 2025



— The Analysis of Epidemic Dynamical Models for Dengue Transmission Considering the Mosquito Aquatic Phase...

181

Table 2. The result of sensitivity indices

No.  Model Parameter  Sensitivity Index

No.  Model Parameter

Sensitivity Index

1. B 1.145093555

2. f 0.5725467778
3. k 0.5725467778
4, 0 0.5725467778
5. e -0.5690004724
6. Qm -0.5262114976
7. Qa -0.4628655262

8. b 0.3833094673
9, Y 0.1916547340
10. Om 0.1431562764
11. a -0.03138208481
12. Lin - 0.002214573938
13. o 0.001027481063
14. L -0.0002542464532

Table 2 shows the sensitivity indices for all parameters,
sorted from highest to lowest. The results indicate that the most
influential factor in the spread of dengue is the transmission rate
from mosquitoes to humans, represented by (,,. In practical
terms, this means that the more easily mosquitoes can infect peo-
ple through their bites, the more quickly dengue can spread. In
addition, several parameters related to the mosquito’s aquatic
phase such as the egg-laying rate (f), the hatching success rate
(k), the maturation rate from larvae to adults (¢), and the mor-
tality rates of aquatic mosquitoes (g, oy, and p,) also have a
considerable effect on the basic reproduction number Ry. This
highlights the importance of targeting mosquito breeding and
development stages, not just adult mosquitoes, when designing
dengue prevention strategies.

Eight sensitivity index parameters are positive including
the bite rate ( b ) and egg-laying () of mosquitoes. This means
that if the value of these parameters increases, the spread of DF
will also increase, and vice versa. Furthermore, there are six pa-
rameters with negative sensitivity indices, including the mortality
rate of mosquitoes due to fogging ( a.,, ) and the mortality rate
of mosquitoes in the aquatic phase due to mosquito larvae («,,).
This suggests that if the parameter is increased (or decreased) by
10% and other parameters are held constant, the value of Ry will
decrease (or increase) by 11.4%.

Based on this discussion, the spread of dengue fever (DF)
can be prevented through the following measures. Reducing
the level of contact of susceptible individuals with infected
mosquitoes (Bx.,). For example, using anti-mosquito lotion
and putting mosquito nets on the bed and immediately isolating
dengue patients. Increase the rate of mosquito mortality due to
fogging (o) and mosquito mortality in the aquatic phase (o)
by intensifying fogging activities and administering mosquito lar-
vae repellent. Increase the healing rate of infected individuals.
For example, by immediately bringing DF patients to the hospi-
tal to get immediate treatment or by making new drugs that can
reduce the rate of dengue virus infection in the body.

6. Conclusion

Based on the assumptions used in this study, the model for
the DF spread is obtained by taking into account the dynamics of
both the human and mosquito populations. Ordinary differential
equations with eight equations and eight dependent variables are
constructed to model the DF spread in this study. The model for
the spread of dengue fever (DF) with the Aedes aegypti mosquito
vector, including its aquatic phase, shows that the disease-free
equilibrium (DFE) is locally asymptotically stable when Ry < 1.
Based on the parameter values used in the simulation, the ba-
sic reproduction number was found to be Rg = 0.4779, indi-
cating that the disease will eventually die out under these condi-
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tions. Conversely, when the biting rate was increased, R rose to
1.1025, resulting in an endemic equilibrium (END) where the in-
fection persists in the population. The data from the DKI Jakarta
Province is used in the numerical simulation. It reveals that the
outbreak will reach its peak on the 10" day with the number of
sufferers depends on the initial conditions. Afterwards, the DF
patients will gradually decrease and disappear on the 60" day as-
suming routine fogging activities and the use of mosquito larvae
repellent are carried out in the community. The sensitivity anal-
ysis suggests that the most influential parameters on the spread
of dengue disease are [3;,,,, (transmission rate vector to humans).
In addition, it can be seen that parameters related to mosquitoes
in the aquatic phase such as f, k, 0, ¢, a, and u, have pretty sig-
nificant effect on Ry.
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DF . Dengue Fever.

DKI :  Daerah Khusus Ibukota.

IR . Incidence Rate.

SIWR Susceptible, Infected, Water, and Recovery.

DFE Disease Free Equilibrium Point .

END Endemic Equilibrium Point.

BMKG Meteorology, Climatology, and Geophysics Agency.
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