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A B S T R A C T

The resilience of the tourism industry is increasingly reliant on robust health infrastructure and effective disease 
detection systems, particularly in the face of ongoing global health challenges. This study introduces a modified 
tourism area life cycle model to explore the interplay between health preparedness and tourism dynamics. By 
linking growth rates to quantifiable indicators from the WHO International Health Regulations core capacity 
index, which evaluates adherence to global health standards, the model effectively illustrates tourist population 
behaviours alongside health capacity. It highlights trends of decline or rejuvenation during the poststagnation 
phase and provides predictive insights relevant to five representative countries.

1. Introduction

Butler’s tourism area life cycle (TALC) model is a widely recognised 
framework for understanding the evolution of tourism destinations 
(Butler, 2006a, 2006b). It proposes an S-shaped growth life cycle with 
identifiable stages: exploration, involvement, development, consolida
tion and stagnation. The poststagnation phase can result in either 
decline or rejuvenation. The model’s enduring influence stems from its 
descriptive capabilities, analytical strength, adaptability, policy plan
ning relevance and its consideration of economic and territorial factors 
in tourism (Garay & Canoves, 2011; Jones, 2012; Knowles & Curtis, 
1999; Petrevska & Collins-Kreiner, 2017; Polyzos et al., 2013).

The first five stages of a tourism destination’s life cycle can be 
modelled using the logistic equation, with tourist arrivals over time as 
the state variable (Kraja & Beshiri, 2019; Lundtorp & Wanhill, 2001). 
The equation’s solution reveals the characteristic S-shape seen in the 
early life cycle stages, attributed to a constant positive growth rate. This 
indicates that tourist numbers will rise until reaching the destination’s 
carrying capacity.

Butler (2022) examined the COVID-19 pandemic’s potential effects 
on tourism development, suggesting it may permanently alter travel 
habits and arguing that destinations in advanced development stages 
would be most impacted, with some questioning their viability. The 
present article explores an overlooked connection arising from these 

findings: the relationship between tourism and public health 
preparedness.

This paper introduces a modified TALC model that features a growth 
rate influenced by quantifiable factors. Although other types of indices 
can be considered, we focus on the International Health Regulations 
(IHR) core capacity index, which gauges compliance with WHO IHR 
standards, providing extensive data coverage across numerous countries 
over a prolonged period. The proposal to modify the TALC model by 
incorporating health preparedness is both timely and critical, especially 
following the disruptions caused by the COVID-19 pandemic. The 
traditional TALC model fails to account for the impact of external 
shocks, such as health crises, on tourism dynamics. The pandemic has 
revealed significant vulnerabilities in the tourism sector, demonstrating 
that public health factors should be integral to any comprehensive 
tourism model.

A modified TALC model is essential for several reasons. Firstly, 
health preparedness emerges as a crucial determinant influencing 
tourism confidence. By including a health preparedness index, the 
model can illustrate how variations in public health readiness affect 
tourist inflows and destination viability. Additionally, rather than 
adhering to fixed growth rates, the adjusted model recognises that 
tourism growth is contextually influenced by health preparedness, 
which can vary significantly during health emergencies. Incorporating 
the IHR core capacity index further enhances the model’s predictive 
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power regarding tourism responses to changing health landscapes.
Addressing the intersection of tourism and health preparedness can 

offer critical insights. The pandemic has demonstrated that a lack of 
readiness can severely impact tourist numbers. The modified model fa
cilitates a quantitative analysis of this relationship, enabling destina
tions to manage health crisis risks more effectively. Furthermore, 
destinations exhibiting strong health preparedness may gain a compet
itive advantage, quickly regaining tourist confidence.

The potential implications of this revised model are profound. It 
informs policymakers on crisis management and encourages resilience- 
building strategies that bolster tourism amidst health challenges. 
Additionally, a holistic approach to tourism management fosters 
collaboration between health authorities and the tourism sector. By 
addressing some shortcomings of the traditional TALC model, the pro
posal offers valuable tools for navigating the complexities of tourism in a 
post-COVID world, enriching both academic discourse and practical 
strategies for sustainable tourism development.

This article is structured as follows. The literature review engages 
with the various facets of tourism sustainability post-COVID-19, 
emphasising health’s role in this context. We then introduce a TALC 
model with a variable growth rate influenced by the IHR core capacity 
index, with properties summarised in the Appendix. Following this, we 
present an integration-based method for estimating parameters using 
tourist arrival and index data. The next section showcases model fitting 
results for New Zealand, China, Mexico, Colombia and Australia. 
Finally, we discuss the model and provide concluding remarks.

2. Literature review

Tourism is a complex global activity influenced by various economic, 
political, social, technological and environmental factors (Özkan & 
Boylu, 2021). Pre-COVID-19, key concerns included climate change, 
overtourism and sustainability issues, which were central to discussions 
among academics and policymakers (Boluk & Rasoolimanesh, 2022). 
The discourse on tourism has increasingly embraced the sustainable 
development paradigm outlined in the UN 2030 Agenda for Sustainable 
Development. The Sustainable Development Goals (SDGs) are pivotal in 
connecting tourism with sustainable development (Adie et al., 2022), 
highlighting the need to balance economic demands with our limited 
ecological resources (Boluk et al., 2019).

The UN 2030 Agenda for Sustainable Development aims ‘to end 
poverty, protect the planet and ensure prosperity for all’. It highlights 
tourism’s link to natural resource conservation, including marine re
sources, and emphasises the promotion of local products and culture 
(Hall, 2019). The SDGs underscore tourism’s potential for sustainable 
development (Adie et al., 2022). The sustainability initiative of the UN 
World Tourism Organization (UNWTO) is framed through the One 
Planet Vision for the Responsible Recovery of the Tourism Sector, 
stressing that responsible recovery and resilience are inherently tied to 
sustainability (UNWTO, 2020). The Vision outlines six action areas: 
public health, social inclusion, biodiversity conservation, climate action, 
circular economy, and governance and finance (UNWTO, 2020).

Sustainable initiatives are emerging in response to escalating envi
ronmental crises like climate change and biodiversity loss. Issues arising 
from mass tourism, such as ‘binge flying’, the private sector’s expansion 
through digital tools and the ‘uberisation’ of the economy, have 
prompted experts and governments to regulate tourism by adopting 
more ecologically and socially sustainable strategies (Boluk et al., 2019). 
Carrying capacity remains a key topic in discussions of tourism sus
tainability; see Boluk et al. (2019) and One Planet Network (2024) for 
further insights.

2.1. Tourism, sustainability and health crises

Infectious disease risks negatively affect tourism, particularly in 
developing countries where diseases are more prevalent and health 

infrastructures are weaker (Cevik, 2022;Kruk, 2008; Novelli et al., 
2018). Research on health crises and tourism in these regions is scarce, 
despite their vulnerability (Kruk, 2008; Novelli et al., 2018). Histori
cally, there has been excessive focus on economic crises, with less 
attention to health-related impacts on tourism (Novelli et al., 2018).

The COVID-19 pandemic severely impacted a sector vital for eco
nomic growth in numerous countries (Boluk et al., 2019; Gao et al., 
2021; Higgins-Desbiolles, 2021; Marome & Shaw, 2021; Novelli et al., 
2018; Wut et al., 2021). The scale of the pandemic highlighted our so
cieties’ unpreparedness and vulnerability (Czabanowska & Kuhlmann, 
2021; Sharfstein & Lurie, 2023). This situation occurred despite the 
WHO’s calls for enhanced readiness following the 2014–2016 Ebola 
crisis, urging countries to develop robust, adaptive systems for rapid 
information gathering and expert mobilisation to prepare for potential 
pandemics (Khan et al., 2018).

The dynamics of the pandemic and policy responses are reflected in 
the significant revisions of COVID-19’s impact on tourism by the 
UNWTO (Gössling et al., 2021). These revisions highlight the uncer
tainty surrounding COVID-19 and the resulting indecision in policy
making (Gössling et al., 2021). By May 2020, 163 out of 217 destinations 
had entirely halted international tourism (UNWTO, 2020). While 
tourism was adversely affected, it also facilitated the pandemic’s spread, 
illustrating the complex interplay between these phenomena (Hoarau, 
2022; Sharma et al., 2021). Countries with high tourist inflows experi
enced more COVID-19 cases, indicating that more globalised nations 
faced increased transmission rates (Farzanegan et al., 2021; Zimmer
mann et al., 2020).

This unprecedented health crisis has drawn renewed attention to the 
urgent need for sustainability, resilience and integrated approaches in 
the tourism industry (Boluk & Rasoolimanesh, 2022; Duro et al., 2023; 
Roxas et al., 2022). Recovery is now tied to reshaping practices that 
prioritise sustainability over merely increasing tourist numbers (Boluk & 
Rasoolimanesh, 2022; Gössling et al., 2021). Factors such as social 
distancing, new technologies, social entrepreneurship and heightened 
awareness of vulnerable populations may persist beyond the pandemic 
(Galvani et al., 2020). Thus COVID-19 offers an opportunity for trans
formative academic thinking about the positive integration of tourism 
and the SDGs (Boluk & Rasoolimanesh, 2022; Gössling et al., 2021; 
Higgins-Desbiolles, 2021; Marome & Shaw, 2021).

2.2. Enhancing health preparedness

A vital aspect of integrating SDGs into tourism is effective health 
crisis management. This involves not only securing the safety of tourists 
and local communities in the short term but also long-term recovery 
planning (Novelli et al., 2018). The UNWTO’s One Planet Vision em
phasises that responsible recovery and resilience in tourism must align 
with sustainability (UNWTO, 2020). Within this framework, the 
UNWTO has called for linking epidemiological indicators to tourism 
metrics to enhance preparedness (One Planet Network, 2024). Cooper
ation among tourism stakeholders, government authorities and scienti
fic communities is crucial for developing protocols on hygiene, 
sustainability and communication measures (One Planet Network, 
2024).

These interconnected demands present methodological challenges. 
The difficulty of making projections post-pandemic is well recognised 
(Gössling et al., 2021). Studies often focus on individual countries rather 
than adopting a systemic view, limiting understanding of the crisis. Hall 
et al. (2020) highlighted the scant literature and lack of longitudinal 
studies on pandemic–tourism links. Many studies consider only isolated 
impacts of COVID-19 using established methodologies based on general 
equilibrium theories (Roson & van der Vorst, 2023). However, life cycle 
models often lack precise trend data for various destinations (Hovinen, 
2002). Epidemiological models typically neglect economic and social 
dimensions, particularly inequalities (Desai et al., 2020). A compre
hensive understanding of COVID-19’s impacts necessitates integrating 
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health consequences and socio-economic outcomes within a cross- 
sectoral framework (Desai et al., 2020). This multifaceted perspective 
can inform more effective governmental preparedness efforts that focus 
on both containment and socio-economic recovery (Desai et al., 2020; 
Sharfstein & Lurie, 2023). Merging epidemiology, health and economic 
indicators is essential for achieving this goal (Desai et al., 2020).

A significant methodological challenge in sustainable tourism lies in 
operationalising its definition and quantifying sustainability 
(Rasoolimanesh et al., 2023). An intriguing contribution is made by Gao 
et al. (2021), who examined sustainable tourism development in cities 
through the lens of the SDGs and a tourism competitiveness index. They 
acknowledged the limitations of their research and suggested that 
employing a quantitative approach to assess the impacts of COVID-19 on 
sustainable development could enhance crisis management and inform 
better social governance policies (Gao et al., 2021). Additionally, Yang 
et al. (2020) introduced a ‘COVID19tourism index’ that tracks the re
covery process of the industry alongside the pandemic’s broader effects. 
Duro et al. (2023) proposed a vulnerability index that integrates various 
indicators from domestic and international markets. Furthermore, 
Mertzanis and Papastathopoulos (2021) developed an epidemiological 
susceptibility risk index at the country level, which effectively predicts 
tourist flows, both inbound and outbound. Their research represents the 
first effort to link epidemiological susceptibility with tourism dynamics 
(Mertzanis & Papastathopoulos, 2021). Given that public health is a key 
element of sustainable tourism, further exploration of the relationship 
between health preparedness and tourism is warranted.

This article aims to contribute to ongoing debates by examining the 
link between pandemic preparedness and tourist numbers. Health pre
paredness remains a complex concept, difficult to define and measure 
(Khan et al., 2018; Nelson et al., 2007). The UN defines preparedness as 
the capacity of governments, professional response organisations, 
communities and individuals to foresee and effectively react to the ef
fects of probable, impending or existing threats, events or situations 
(UNGHRP, 2020). The Sendai Framework for Disaster Risk Reduction 
2015–2030, endorsed by the UN General Assembly, categorises pan
demics as biological hazards and outlines four priorities: understanding 
disaster risk, strengthening governance, investing in, and enhancing 
preparedness for effective disaster response (Marome & Shaw, 2021; 
UNDRR, 2024). According to Nelson et al. (2007), public health emer
gency preparedness refers to the ability of public health and healthcare 
systems, along with communities and individuals, to effectively prevent, 
protect against, respond swiftly to, and recover from health emergen
cies. This is particularly crucial for emergencies characterised by their 
scale, timing or unpredictability, which can overwhelm standard oper
ational capabilities. Preparedness can be understood through the in
teractions among structures, processes and outcomes (Nelson et al., 
2007). Petrović et al. (2020) utilised an integrated framework that 
emphasised readiness structure and reaction processes across three di
mensions: institutional, medical and societal. Emergency public health 
preparedness should be viewed holistically, involving not just the health 
sector, but society as a whole (Petrović et al., 2020). This cross-societal 
perspective, from a governance standpoint, requires partnerships among 
various stakeholders and efficient coordination, particularly regarding 
disaster risk management, to better serve local communities and develop 
more effective emergency preparedness strategies (Gamboa-Maldonado 
et al., 2012; Khan et al., 2018; Marome & Shaw, 2021; Sharfstein & 
Lurie, 2023; UNDRR, 2024; Wut et al., 2021).

Though public health emergency preparedness frameworks exist, 
they lack empirical grounding and consensus on standards (Khan et al., 
2018; Nelson et al., 2007). The public health competency framework 
launched by the WHO and Association of Schools of Public Health in the 
European Region (ASPHER) aims to strengthen the health workforce’s 
pandemic readiness, encompassing five dimensions: flexibility, 
research, epidemiology, preparedness and employability (Czabanowska 
& Kuhlmann, 2021). Following the COVID-19 pandemic, the European 
Union established the EU Health Emergency Preparedness and Response 

Authority (HERA) in September 2021 to enhance Europe’s response and 
medical countermeasures during health crises, addressing prior short
comings in preparedness and medical supplies (Wouters et al., 2023).

2.3. International health regulations

The IHR are vital to global health security, providing a legal 
framework for the international community to address public health 
risks (Caldera et al., 2023). The 13 core capacities assess country-level 
preparedness for health crises, focusing on legislation, financing, coor
dination, communication and sensitive sites (e.g. laboratories, zoonotic 
and chemical events, radionuclear emergencies) (WHO, 2023). The 
main objectives are to prevent and control the international spread of 
diseases through improved monitoring, alert systems and collaboration 
(Burci, 2020). States are responsible for implementing these measures 
nationally (Caldera et al., 2023). However, few countries fully comply 
with the IHR, leaving many destinations ill-prepared for infectious dis
ease management (Mertzanis & Papastathopoulos, 2021). Numerous 
articles highlight the IHR’s limitations, revealed during the COVID-19 
pandemic, such as inadequate international cooperation, insufficient 
core capacities and challenges in unified implementation due to the 
WHO’s lack of enforcement authority (Bartolini, 2021; Broberg, 2020; 
Burci, 2020; Cockerham, 2022; Razum & Bozorgmehr, 2020; Zhou et al., 
2020). There have been calls for reforms to the IHR’s institutional design 
to enhance enforcement capabilities (Bartolini, 2021; Blinken & 
Becerra, 2021; Burci, 2020; Cockerham, 2022). Nonetheless, the IHR 
remain central to public health safety, and the core capacity index, 
which collects longitudinal data, is valuable for testing our model.

In conclusion, the COVID-19 pandemic has emphasised the impor
tance of sustainable tourism. As the sector recovers, there is an accel
erated push for environmentally respectful, community-empowering 
and future-friendly policies. This complex pursuit requires diverse 
methodological approaches, including quantitative methods 
(Rasoolimanesh et al., 2023). While existing literature may not directly 
connect health and sustainable tourism, we assert that health infra
structure is vital for tourism resilience, especially following crises like 
COVID-19. Our aim is to broaden the dialogue on sustainable tourism by 
emphasising health considerations, aligning with the SDGs. By using the 
IHR core capacity index, we demonstrate that improved health readiness 
can sustain visitor numbers and indelibly strengthen sustainability. This 
literature review highlights initiatives that quantitatively address sus
tainable tourism concepts, including health implications (Duro et al., 
2023; Mertzanis & Papastathopoulos, 2021; Yang et al., 2020). This 
article focuses on the health aspect of sustainability, contributing to the 
discussion by adapting Butler’s seminal model to explore the intercon
nection between tourism and country-level health preparedness via the 
IHR core capacity index. The following section offers a precise formu
lation of the model.

3. Model formulation

The TALC logistic model is described by the differential equation 

dT
dt

= rT
(

1 −
T
K

)

, (3.1) 

where T = T(t) represents the number of tourists at time t and dT
dt is its 

rate of change. The constants r and K denote the growth rate and tourist 
carrying capacity, respectively (Kraja & Beshiri, 2019; Lundtorp & 
Wanhill, 2001). A negative growth rate leads to a decline in tourist 
numbers if below capacity.

We assume the growth rate depends on a nonnegative index I = I(t), 
modifying Eq. (3.1) to 

dT
dt

= r(I)T
(

1 −
T
K

)

. (3.2) 
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For small I, we have r(I) < 0, indicating a decrease in the population. 
A critical index level I* exists beyond which r(I) becomes positive and 
the population increases. Thus assume that r(I) < 0 for 0 ≤ I < I* and 
r(I) > 0 for I > I*. It follows that 

r(0) < 0, r(I*) = 0, rʹ(I*) > 0. (3.3) 

A simple example for r(I) is 

r(I) = c(I − I*), c > 0. (3.4) 

Let a, b > 0 be constants. Assume that the index rate of change dI
dt is 

proportional to the index level for small times (modelled by aI) but 
decreases due to ‘interaction’ with the tourist population (modelled by 
bTI). Thus the index dynamics are described by the differential equation 

dI
dt

= aI − bTI = I(a − bT). (3.5) 

Observe that the index level goes down (dI
dt < 0) when the tourist 

population is sufficiently large (T > a
b).

Combining Eqs. (3.2) and (3.5), a TALC model that incorporates an 
index-dependent growth rate is represented by the system 

dT
dt

= r(I)T
(

1 −
T
K

)

, (3.6a)  

dI
dt

= I(a − bT). (3.6b) 

The rest of this section summarises some properties of (3.6); detailed 
derivations are provided in the Appendix.

Model (3.6) can apply to other indices with modifications to the 
growth rate function and dynamics. Here, we consider the IHR core 
capacity index for examining public health preparedness versus tourist 
numbers: inadequate preparedness (I small) yields r(I) < 0, decreasing 
tourists, while adequate preparedness (I large) gives r(I) > 0, thus 
increasing tourists.

3.1. Interpretation of the model parameters in a TALC context

Parameter a indicates the rate at which index I increases relative to 
its current level. A higher a signifies a stronger positive self-influence, 
fostering index growth as tourism develops. It encapsulates the index’s 
ability to ‘self-boost’ under favourable conditions, reflecting how 
rapidly it can improve during growth phases. In contrast, parameter b 
captures the negative impact of the tourist population T on index I. It 
quantifies the strain tourists place on local resources, such as infra
structure and health services, resulting in a decline in the index at higher 
tourist numbers. A larger b denotes a more significant detrimental effect, 
highlighting issues like overcrowding and resource depletion from sus
tained tourism growth.

The function r(I) is vital for analysing how changes in the index affect 
tourism. When 0 ≤ I < I*, poor social conditions and unpreparedness 
lead to fewer tourists, often due to societal problems, geopolitical 
instability or health crises. At I = I*, the index marks a shift to favour
able tourism conditions, typically from significant investments in public 
health, safety or infrastructure. When I > I*, adequate readiness pro
motes tourism growth, creating a positive feedback loop where 
increased tourist numbers enhance the index through higher revenue 
and initiatives.

The relationship between tourist dynamics and index growth, as 
shown in Eq. (3.6b), indicates that rising tourist numbers T can put 
pressure on local resources, services and health systems, adversely 
affecting the index I. This impact is more pronounced during peak sea
sons or crises, when demand outstrips supply. Moreover, a high tourist 
population can diminish both visitor experiences and local quality of 
life, creating a negative feedback loop where deteriorating conditions 
lower I and subsequently reduce T.

The implications of model (3.6) apply to various real-world situa
tions. In public health preparedness during pandemics like COVID-19, 
initial conditions can lead to a steep decline in tourism due to health 
risks. Policymakers should aim to increase the index I through vacci
nation campaigns, awareness initiatives and infrastructure improve
ments. In ecotourism, managing the tourist variable T is crucial for 
protecting local ecosystems, which can sustain and enhance tourist in
terest over time. Finally, the model serves as a framework for crisis 
management, helping authorities decide whether to promote or restrict 
tourism based on current index levels.

These findings emphasise the importance of monitoring and man
aging both T and I in tourism management. Regions can boost invest
ment in infrastructure and safety measures to enhance their I, ensuring 
stable growth for T. Ongoing assessment of both indices allows for 
timely policy adjustments to prevent declines in tourism.

3.2. Determination and interpretation of the equilibria

There are three equilibria (T∞, I∞) of (3.6), specifically 

P1 = (0, 0), P2 = (K,0), P3 =
(a

b
, I*
)
. (3.7) 

Equilibria P1 and P2 correspond to steady states T∞ = 0 (no tourists) 
and T∞ = K (tourist population at carrying capacity) in the constant 
growth rate logistic model Eq. (3.1). Steady state P3 represents a 
‘coexistence’ state, as per population ecology terminology (Brauer & 
Castillo-Chávez, 2012).

Table 1 summarises the steady state analysis in Appendix A. Note 
that P3 (when K > a

b) is a ‘non-robust’ case, as linear stability analysis 
does not provide sufficient information on its classification and stability. 
We will later demonstrate that this steady state is a nonlinear centre and 
thus stable (but not asymptotically stable). Since P1 and P2 are unstable, 
P3 (when K > a

b) becomes the relevant steady state in our model and will 
be the focus of the discussion.

Phase portraits of (3.6) generated using pplane are shown in Fig. 1
(when K < a

b) and Fig. 2 (when K > a
b). The horizontal and vertical axes 

are T and I, respectively. The blue curves represent solution trajectories 
of (3.6) for different initial conditions (T0, I0). The nullclines are in 
yellow and orange, the equilibria are shown as orange dots and the di
rection field is drawn as green arrows.

As seen in Figs. 1 and 2, the trajectories of (3.6) in the TI-plane 
appear complicated. Nevertheless, the equation they satisfy can be ob
tained. It is shown in Appendix B that trajectories of (3.6) (i.e. the blue 
curves in Figs. 1 and 2) satisfy a nonlinear equation in T and I. In Ap
pendix C, it is shown that the equation of the trajectories near P3 can be 
approximated by an ellipse. Thus P3 is a nonlinear centre of (3.6), so that 
T(t) and I(t) are periodic in t. It can be verified in Fig. 2 that indeed the 
solution curves near P3 are closed.

A profile of a periodic solution (T(t) , I(t) ) vs t obtained by directly 
solving (3.6) numerically is shown in Fig. 3, where r(I) in Eq. (3.4) is 
chosen. Take c = 0.01, I* = 5, K = 10, a = 0.2, b = 0.1 and (T0, I0) =

(3,10). Note that K = 10 > 2 = a
b, consistent with Table 1. 

Remark 3.1. Within the context of a TALC, the significance of periodic 
solutions is that rejuvenation or decline during the poststagnation stage 
is taken into account; see the rise and fall of the tourist population in 
Fig. 3a. This is not possible in the logistic model Eq. (3.1) since the 

Table 1 
Classification and stability of equilibria of (3.6).

Steady state K <
a
b

K >
a
b

P1 = (0, 0) unstable saddle point unstable saddle point
P2 = (K,0) unstable node unstable saddle point

P3 =
(a

b
, I*
)

unstable saddle point linear centre
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growth rate is constant there. Similarly behaving periodic solutions are 
also encountered in the Lotka–Volterra prey–predator system (Brauer & 
Castillo-Chávez, 2012).

4. Calibrating the model: an integration-based method for 
parameter estimation

Next, we develop an integration-based method to estimate the pa
rameters in a model described by a system of differential equations, as 
developed in Holder and Rodrigo (2013); Zulkarnaen and Rodrigo 
(2020). This approach is especially useful when the analytical solution 
of the system cannot be obtained or when there are many parameters to 
estimate.

Assume for the moment that T(t) and I(t) are known for all t ∈
[
ti, tf

]
, 

where the initial time ti is less than the final time tf . Take the growth rate 
function Eq. (3.4). Assume also for now that K is known. We wish to 
estimate c, I*, a and b in (3.6).

We can rewrite Eqs. (3.6a) and (3.6b) as 

dT
dt

= cIT
(

1 −
T
K

)

− cI*T
(

1 −
T
K

)

(4.1) 

and 

dI
dt

= aI − bIT, (4.2) 

respectively. Both are particular cases of 

ḣ(t) = c1h1(t)+ c2h2(t), (4.3) 

where (̇ ) denotes differentiation with respect to t. In Eq. (4.1), we 
identify  

while in Eq. (4.2), we have 

h(t) = I(t), h1(t) = I(t), h2(t) = I(t)T(t), c1 = a, c2 = − b.

here, h, h1 and h2 are assumed known; the goal is to estimate c1 and c2. In 
Appendix D, it is shown that (c1, c2) is the solution of algebraic linear 
system 
(

Aḣ
)
(s0) = c1(Ah1)(s0) + c2(Ah2)(s0),

(
Aḣ
)ʹ
(s0) = c1(Ah1 )́ (s0) + c2(Ah2 )́ (s0),

(4.4) 

where A is some integral operator and s0 is a chosen convenient value (e. 
g. s0 = 0). 

Remark 4.1. In reality, T(t) and I(t) are not available for all t ∈
[
ti, tf

]
. 

Instead, they are given at discrete time values, say 
{(

tj,Tj
)}

and 
{(

tj, Ij
)}

, where t1 = ti, tn = tf and j = 1,2,…,n. To evaluate the integrals 
in Eq. (4.4), we apply a numerical quadrature technique, e.g. integration 
by spline interpolation.

5. Numerical simulations using empirical data

The algorithm for estimating the parameters in (3.6) is as follows: 

1. Obtain the tourist population data set 
{(

tj,Tj
)}

and the index data set 
{(

tj, Ij
)}

.
2. Pick a weighting function w, e.g. w(t, s) = e− st , and let s0 = 0.
3. Estimate the maximum tourist population from the data set, then fix 

a value for K greater than or equal to the maximum.
4. Solve Eq. (4.4) for c1 and c2, using

Fig. 1. Phase portrait of (3.6) with c = 0.01, I* = 5, K = 10, a = 0.2 and b =

0.01. Note that K = 10 < 20 = a
b.

Fig. 2. Phase portrait of (3.6) with c = 0.01, I* = 5, K = 10, a = 0.2 and b =

0.1. Note that K = 10 > 2 = a
b.

h(t) = T(t), h1(t) = I(t)T(t)
[

1 −
T(t)
K

]

, h2(t) = T(t)
[

1 −
T(t)
K

]

, c1 = c, c2 = − cI*,
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h(t) = T(t), h1(t) = I(t)T(t)
[

1 −
T(t)
K

]

, h2(t) = T(t)
[

1 −
T(t)
K

]

.

Set ĉ = c1 and Î* = − c2
c1

. 

5. Solve Eq. (4.4) for c1 and c2, using

h(t) = I(t), h1(t) = I(t), h2(t) = I(t)T(t).

Set â = c1 and b̂ = − c2. 

6. Solve (3.6) numerically from t = t1 to t = tn using the estimated 
parameters ĉ, Î* , â and b̂. Denote the numerical solution by 
{(

tj, T̂j , Îj
)}

.
7. Compute the ‘distance’ between the numerical solution in step 6 and 

the given data in step 1 using the root mean square error (RMSE):

RMSE(K) =

{
1
n
∑n

j=1

[(
Tj − T̂j

K

)2

+
(
Ij − Îj

)2

]}1
2

.

8. Repeat steps 3–7 for different values of K and take the set of 
parameter estimates that yields the smallest RMSE(K).

Remark 5.1. In a typical least squares approach, (3.6) would be solved 
numerically as K, c, I*, a and b are made to vary over a region in five- 
dimensional state space. Then an analogous root mean square error 
function of five variables is defined and minimised over the region. 
However, this approach is costly and it is not obvious what a feasible 
region should be. In contrast, our proposed algorithm varies only K and 
the root mean square error function is minimised with respect to K only. 
The parameters c, I*, a and b can be calculated, for each given K, from 
the linear system Eq. (4.4).

Data are collected by the UNWTO through a series of yearly ques
tionnaires that are in line with the International Recommendations for 
Tourism Statistics (IRTS 2008) standard led by the UNWTO and 
approved by the United Nations. A spreadsheet of (incomplete) inbound 
tourism data, grouped by country for 1995–2022, is available from the 
UNWTO website (UNWTO, 2024). We choose to utilise inbound tourism 
data due to its greater accessibility compared to domestic tourism data, 
which can be limited or unavailable in certain countries. This approach 
also ensures consistency in our analysis across the various countries 
included in the simulations. Qualitatively, we do not anticipate signifi
cant differences in the results. As for IHR compliance, estimates by 
country for 2010–2020 can be obtained from the WHO website (WHO, 
2024). Note that the IHR index data given in WHO (2024) are only 

Fig. 3. Profile of the periodic solution of (3.6) (T(t) vs t in (a) and I(t) vs t in (b)) when c = 0.01, I* = 5, K = 10, a = 0.2, b = 0.1, T0 = 3 and I0 = 10 (with K =

10 > 2 = a
b). The rise and fall of the tourist population captures the poststagnation stage.
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available until 2020. To make the ranges for the UNWTO tourist data 
and the IHR core capacity index overlap, we consider subintervals in the 
range 2010–2019, disregarding the values in 2020 as these are outliers 
due to the pandemic that would skew the fitting. The IHR index data are 
not complete for many countries even in the range 2010–2019; hence 
subintervals in this range are sometimes considered.

Consider the case of New Zealand in Fig. 4. The algorithm is 
implemented for each K (in million) in the interval [3, 5] in increments of 
ΔK = 0.1. The minimum value of RMSE(K) is 0.7335, obtained when 
K̂ = 4.5000. The estimated parameter values from steps 4 and 5 are ̂c =

0.0262, Î* = 85.1486, â = 1.4213 and b̂ = 0.3903. The red dots in 
Fig. 4a and b represent the tourist and index data, respectively. The blue 
curves in Fig. 4a and b represent the components T(t) and I(t) for 
2016 ≤ t ≤ 2021, respectively, of the numerical solution of (3.6) using 
the estimated parameters. Note that (3.6) is solved until 2021 to observe 
the general trend post-2019.

Following analogous descriptions of the numerical results given 
above for Fig. 4, the corresponding results are also shown for China (see 
Fig. 5), Mexico (see Fig. 6), Colombia (see Fig. 7) and Australia (see 
Fig. 8).

6. Discussion

Risks for the tourism industry have been exacerbated in recent years 
by more occurrences of infectious diseases and environmental disrup
tions due to climate change, representing high economic and social costs 
(Duro et al., 2023; Mertzanis & Papastathopoulos, 2021), pushing 
further the need for sound monitoring and predictive models and tools to 
face future shocks. One of the main strengths of the TALC model is 
precisely the idea that destinations may experience decline if suitable 
decisions are not made at the strategic level when it comes to planning 
(Hovinen, 2002). Our modified TALC model highlights not only the links 
between health preparedness and the tourist population but also factors 
in the maximum tourist level, a crucial parameter which should be more 
prominently taken into account for planning purposes. This means that 
public health preparedness, in contexts which heavily depend on tourist 
flows and income, should consider data models to better identify the 
threshold, defined by the maximum tourist level, which starts endan
gering even an optimal health preparedness. This emphasises again the 
importance of the carrying capacity, the main metric to determine the 
limits of development and optimal use of tourism resources (Mihalic, 
2020). The establishment of maximum operating and carrying capacity 
limits is relatively straightforward to help determine the limits of growth 
(Namberger et al., 2019; Oklevik et al., 2019) but can be difficult to 

Fig. 4. UNWTO tourist arrival and IHR core capacity index data for New Zealand, together with the numerical solution of (3.6) with K̂ = 4.5000, ĉ = 0.0262, Î* =

85.1486, â = 1.4213 and b̂ = 0.3903 (minimum error is RMSE(K̂) = 0.7335).
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measure and implement beyond specific locations (Butler & Dodds, 
2022). Namberger et al. (2019) identify six forms of carrying capacity: 
physical, environmental, economic, infrastructural, perceptual and so
cial. Considering a health or sanitary carrying capacity depending on the 
readiness of health infrastructures can help stakeholders be more pre
pared to manage the consequences of pandemics in tourism destinations. 
Proactive measures to mitigate the impact of pandemics on the tourism 
industry can build a stronger resilience (Sharma et al., 2021). Adaptive 
management through mechanisms for quick policy adjustments, in
dustry support and comprehensive communication strategies can enable 
swift adjustments in the face of the unforeseen.

The various interpretations of ‘sustainable tourism’ have significant 
implications, especially following the COVID-19 pandemic, which 
highlighted the vital link between health preparedness and the sus
tainability of tourism destinations. Our article emphasises the impor
tance of integrating health infrastructure into the broader discourse of 
sustainable tourism, as destinations with robust health systems are 
better equipped to manage disruptions and maintain visitor numbers.

Utilising an index-dependent growth rate in the modified TALC 
model allows us to quantitatively demonstrate how enhancements in 
health readiness–measured by the IHR core capacity index–directly 
contribute to the viability of tourism. By establishing this connection, we 
seek to expand the definition of sustainable tourism to include essential 
health considerations that foster resilience in the sector, alongside 
environmental and social dimensions.

The proposed modified TALC model has crucial practical and policy 
implications for tourism management and public health preparedness. 

By incorporating health preparedness indicators, particularly the IHR 
core capacity index, the model shifts from traditional growth metrics to 
prioritising health safety during infectious disease outbreaks and other 
crises.

Practically, this adaptation encourages destination managers to 
adopt proactive planning and management strategies that foster resil
ience through integrated health measures. By leveraging the IHR index, 
stakeholders can evaluate their readiness for health crises, ensuring 
informed decision-making aligned with public health strategies. Desti
nations can enhance adaptive capacity by developing flexible opera
tional protocols, including staff training and communication 
frameworks.

From a policy standpoint, integrating health considerations into 
tourism policies–such as travel restrictions and health screenings–can 
bolster tourist confidence. Policymakers should utilise ongoing research 
to analyse data pertinent to health and tourism, facilitating proactive 
responses to potential health risks.

However, challenges like data availability, funding constraints and 
stakeholder engagement may impede implementation. The modified 
TALC model ultimately advocates for a comprehensive approach to 
tourism that prioritises health and safety alongside economic objectives, 
ensuring sustainable practices for the future.

A more quantitative discussion is as follows. Using the parameter 
estimates for the five countries considered above, it can be verified that 

K > a
b holds. Hence P3 =

(
a
b, I

*
)

is a nonlinear centre of (3.6) in each of 

the countries. As shown in Appendix C, solution curves of Eq. (B.1) near 

Fig. 5. UNWTO tourist arrival and IHR core capacity index data for China, together with the numerical solution of (3.6) with K̂ = 170.0000, ĉ = 0.0707, Î* =

93.0683, â = 0.2104 and b̂ = 0.0015 (minimum error is RMSE(K̂) = 2.1307).
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P3 are closed; therefore T(t) and I(t) are periodic in t. This captures the 
decline in tourist arrivals in the poststagnation stage, which is not pre
sent in the TALC logistic model Eq. (3.1), using actual tourist arrival 
data.

As mentioned previously, periodic solutions are also found in the 
Lotka–Volterra prey–predator model (Brauer & Castillo-Chávez, 2012) 

dx
dt

= ax − bxy,

dy
dt

= − cy + dxy,

where x(t) (respectively, y(t)) is the prey (respectively, predator) pop
ulation at time t, and a, b, c, and d are positive constants. When the 
predator population is low (small y), dx

dt ≃ ax and the prey population 
increases. When the prey population is low (small x), dy

dt ≃ − cy and the 
predator population decreases. Thus, starting with small prey and 
predator populations, the prey population first increases due to little 
predation, and then the predator population increases due to abundant 
food. This leads to heavier predation and a decrease in prey. As a result, 
the predator population decreases and the system returns to its original 
state. Defining f(x, y) = ax − bxy and g(x, y) = − cy+ dxy, we see that 
D2f(x, y) = − bx < 0 and D1g(x, y) = dy > 0. The difference in signs 
characterises prey–predator dynamics (Brauer & Castillo-Chávez, 2012; 
Rodrigo et al., 2023).

It is interesting to extend the analogy to (3.6) by identifying the 
‘prey’ and ‘predator’. Indeed, if T and I are initially small, then Eq. 

(3.6b) can be approximated by dI
dt ≃ aI and the index first increases. 

Moreover, since T2≪T and r(I) ≃ r(0)+ ŕ (0)I ≃ r(0) < 0, then Eq. 
(3.6a) can be approximated by dT

dt ≃ r(0)T and the tourist population first 

decreases. Defining f(T, I) = r(I)T
(

1 − T
K

)

and g(T, I) = I(a − bT), then 

D2f(T, I) = ŕ (I)T
(

1 − T
K

)

and D1g(T, I) = − bI. If ŕ (I) > 0 (the growth 

rate function is always increasing, as is the case in Eq. (3.4)) and T < K 
(the tourist population has not reached its carrying capacity), then 
D2f(T, I) > 0 and D1g(T, I) < 0. Hence we observe ‘prey–predator’ dy
namics in (3.6), where the tourist population is the ‘predator’ and the 
index is the ‘prey’.

Next, consider the average number of tourists and the average 
growth rate. We continue to consider solutions of (3.6) in the periodic 
regime, i.e. closed curves of Eq. (B.1) near P3 (when K > a

b). If P is the 
period and t0 is some arbitrary initial time, then the average number of 
tourists and the average growth rate over [t0, t0 + P] is defined by the 
standard continuous averages 

Tave =
1
P

∫ t0+P

t0
T(t)dt and rave =

1
P

∫ t0+P

t0
r(I(t) )dt, (6.1) 

respectively. It is shown in Appendix E that 

1
P

∫ t0+P

t0
T(t) dt =

a
b

and
1
P

∫ t0+P

t0
r(I(t) ) dt = 0.

Fig. 6. UNWTO tourist arrival and IHR core capacity index data for Mexico, together with the numerical solution of (3.6) with K̂ = 120.0000, ĉ = 0.0240, Î* =

86.4708, â = 0.5524 and b̂ = 0.0062 (minimum error is RMSE(K̂) = 0.9902).
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Hence the average growth rate rave, as defined in Eq. (6.1), is zero. An 
analogous expression for the average index Iave =

1
P

∫ t0+P
t0

I(t)dt is possible 
if the growth rate function r(I) is specified. Indeed, if r(I) is given by Eq. 
(3.4), then 

Iave =
1
P

∫ t0+P

t0
I(t)dt = I*.

In summary, we offer the interpretation that ab represents the average 
tourist population Tave and I* is the average index Iave, both over any 
interval of time of length P. Referring to Eq. (3.6b), when the tourist 
population rises above the average tourist population (i.e. T > Tave = a

b ), 
then the index will decrease (i.e. dI

dt < 0). That is, sufficiently large tourist 
numbers leads to a ‘less adequate’ public health preparedness according 
to the model. Looking at Eq. (3.6a), if the index rises above the average 
index (i.e. I > Iave = I*), then the tourist population will increase (i.e. 
dT
dt > 0), provided it is below the carrying capacity (i.e. T < K). Thus 
‘sufficiently adequate’ public health preparedness contributes to an in
crease in tourist numbers as long as the maximum tourist level has not 
been reached.

As seen in Figs. 4–8, (3.6) predicts a decline in the tourist population 
after 2019, which we know actually occurred because of the COVID-19 
pandemic. However, the actual tourist arrival numbers in 2020 are of 
course much lower than those predicted by (3.6). We do not claim that 
our model has precise predictive capabilities, but rather it describes the 
general qualitative behaviour of both the tourist population and the core 

capacity index. The main objective of the paper is still to put forward a 
model that is able to capture the decline or rejuvenation trends in the 
poststagnation stage through periodic solutions.

7. Conclusion

In this article, we present a modified version of Butler’s TALC model, 
incorporating an index-dependent growth rate to better reflect the dy
namics between public health preparedness and tourism flows. The 
COVID-19 pandemic has underscored the critical interplay between 
health infrastructure and the tourism sector, necessitating a reevalua
tion of existing frameworks. Our research utilises the IHR core capacity 
index as a proxy for health preparedness, alongside tourist arrival data 
from the UNWTO. This integration allows us to analyse the effects of 
health preparedness on tourist dynamics in a post-pandemic context.

While we acknowledge that the growth rate is influenced by public 
health preparedness, we also recognise the significant role of various 
other factors, such as the outbound tourism policies of source countries. 
Consequently, our next step in the modelling process will involve 
treating the growth rate as a function of multiple indices that quantify 
these additional factors. Rather than introducing a single differential 
equation as shown in Eq. (3.6b), we will develop a series of differential 
equations that capture the dynamics of each of these indices. This 
approach will undoubtedly increase the complexity of the mathematical 
analysis and model fitting.

The reformulated TALC model provides valuable theoretical 

Fig. 7. UNWTO tourist arrival and IHR core capacity index data for Colombia, together with the numerical solution of (3.6) with K̂ = 7.0000, ĉ = 0.0103, Î* =

60.8439, â = 0.5501 and b̂ = 0.1480 (minimum error is RMSE(K̂) = 5.2437).
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implications, challenging traditional tourism frameworks that neglect 
the impact of health metrics. By integrating health preparedness into the 
tourism growth framework, our model prompts further investigation 
into additional factors, such as environmental and economic indices, 
that influence tourism resilience. This comprehensive approach en
hances the robustness of the model, inviting future research to explore 
the dynamics of risk perceptions, as indicated by Mertzanis and Papas
tathopoulos’ epidemiological susceptibility risk index (Mertzanis & 
Papastathopoulos, 2021), which may affect destination life cycles and 
tourist behaviour.

From a practical standpoint, the modified TALC model serves as an 
essential tool for policymakers and tourism managers aiming to navigate 
the complexities of crisis management. Acknowledging that increased 
tourist numbers can both strain health resources and contribute to 
enhanced preparedness is critical. The IHR core capacity index offers a 
quantifiable measure for assessing national health systems, guiding 
policymakers in terms of investment and resource allocation. By 
adopting this model, decision-makers can strategically manage tourist 
levels, enhance health communications and address potential health 
crises proactively, ultimately benefiting both tourists and local 
communities.

The implications of our research extend into policy development, 
advocating for international cooperation to improve health infrastruc
ture in tourism-dependent areas. The shortcomings of the IHR during the 
COVID-19 pandemic reveal a pressing need for reforms that strengthen 

global health governance, particularly in vulnerable tourist destinations. 
Forming partnerships between governmental and private sectors can 
facilitate a coordinated response to health emergencies, ensuring 
effective crisis management.

Despite its contributions, our study acknowledges limitations. The 
model relies on historical data, which may not fully capture the evolving 
nature of health challenges or the diverse cultural contexts and local 
variations in infrastructure. Future research avenues include exploring 
interactions between health preparedness and other variables, such as 
economic and climate change metrics, and investigating how changing 
public perceptions of health risks influence tourism recovery strategies. 
Furthermore, leveraging advancements in data analytics and real-time 
monitoring could enhance the TALC model’s resilience to unforeseen 
challenges.

In summary, this article advocates for a more integrated approach to 
tourism management, prioritising health preparedness as a foundational 
element of sustainable tourism development. By embedding health 
metrics into the TALC framework, stakeholders can develop resilient 
strategies capable of addressing the complexities posed by emerging 
health threats, thereby securing the future viability of the tourism in
dustry. Involving all stakeholders and fostering strong partnerships be
tween governmental and private entities will be crucial in ensuring 
effective crisis management and recovery (Okafor et al., 2021; Okafor 
et al., 2022; Sharma et al., 2021). Collaboration with healthcare systems 
remains paramount in this endeavour (Tasnim et al., 2023).

Fig. 8. UNWTO tourist arrival and IHR core capacity index data for Australia, together with the numerical solution of (3.6) with K̂ = 9.0000, ĉ = 0.1671, Î* =

95.7934, â = 0.1010 and b̂ = 0.0138 (minimum error is RMSE(K̂) = 2.1858).
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Appendix A. Linear stability analysis

The classification of the equilibria of (3.6) follows from the analysis of the community matrix 

J(T, I) =

⎡

⎢
⎣

r(I)
(

1 −
2T
K

)

ŕ (I)T
(

1 −
T
K

)

− bI a − bT

⎤

⎥
⎦

and its eigenvalues, denoted by λ1 and λ2.
The eigenvalues of 

J(P1) =

[
r(0) 0
0 a

]

are λ1 = r(0) < 0 (see Eq. (3.3)) and λ2 = a > 0. Therefore P1 is an unstable saddle point.
The eigenvalues of 

J(P2) =

[
− r(0) 0

0 a − bK

]

are λ1 = − r(0) > 0 (see Eq. (3.3)) and λ2 = a − bK. If K < a
b, then λ2 > 0 and P2 is an unstable node. If K > a

b, then λ2 < 0 and P2 is an unstable saddle 
point.

The eigenvalues of 

J(P3) =

⎡

⎣
0 rʹ(I*)

a
b

(
1 −

a
bK

)

− bI* 0

⎤

⎦

satisfy 

λ2 + aI*rʹ(I*)
(

1 −
a

bK

)
= 0,

whose roots are 

λ1 =
[
aI*rʹ(I*)

( a
bK

− 1
) ]1

2
, λ2 = −

[
aI*rʹ(I*)

( a
bK

− 1
) ]1

2
.

If K < a
b, then λ1 > 0 and λ2 < 0, so P3 is an unstable saddle point. If K > a

b, then λ1,2 are pure imaginary and P3 is a linear centre.

Appendix B. Derivation of the equation for the solution trajectories of (3.6)

The trajectories of (3.6) in the TI-plane satisfy 

dT
dI

=

r(I)T
(

1 − T
K

)

I(a − bT)
(B.1) 

subject to the initial condition T = T0 when I = I0, with I0,T0 > 0. Define 

R(I) =
∫ I

I0

r(u)
u

du. (B.2) 

Solving the separable Eq. (B.1) yields 
⎡

⎢
⎢
⎣

a

T
(

1 − T
K

)+
b

T
K − 1

⎤

⎥
⎥
⎦dT =

r(I)
I

dI.

M. Rodrigo et al.                                                                                                                                                                                                                                Annals of Tourism Research Empirical Insights 6 (2025) 100177 

12 



Decomposing into partial fractions, we get 
⎛

⎜
⎝

a
T
+

b − a
K

T
K − 1

⎞

⎟
⎠dT =

(
a
T
+

bK − a
T − K

)

dT =
r(I)
I

dI.

If (T0, I0) = (T(0) , I(0) ) is any positive initial condition, then 
∫ T

T0

(
a
u
+

bK − a
u − K

)

du = R(I),

where R(I) is as defined in Eq. (B.2). A straightforward integration gives 

alog
(⃒
⃒
⃒
⃒
T
T0

⃒
⃒
⃒
⃒

)

+(bK − a)log
(⃒
⃒
⃒
⃒
T − K
T0 − K

⃒
⃒
⃒
⃒

)

= R(I),

which we can rewrite in implicit form as 

|T|a|T − K|bK− ae− R(I) = |T0|
a
|T0 − K|bK− a

. (B.3) 

Appendix C. Approximation of the closed trajectories near P3

Suppose that K > a
b. Near P3 we see that T < K and T0 < K. Therefore Eq. (B.3) simplifies to 

Ta(K − T)bK− ae− R(I) = Ta
0(K − T0)

bK− a
.

Making the substitutions x(t) = T(t) − a
b and y(t) = I(t) − I*, where ∣x(t)∣≪1 and ∣y(t)∣≪1, we obtain 

[
a
b

(

1 +
bx
a

)]a[bK − a
b

(

1 −
bx

bK − a

)]bK− a

e− R(y+I*) = Ta
0(K − T0)

bK− a
.

An expansion about y = I* gives 

R(y+ I*) ≃ R(I*)+Rʹ(I*)y+
1
2
Rʹ́ (I*)y2.

Eq. (B.2) implies 

Rʹ(I) =
r(I)
I
, Rʹ́ (I) =

Irʹ(I) − r(I)
I2 ,

so Rʹ(I*) = 0 and Rʹ́ (I*) =
rʹ(I*)

I* (see Eq. (3.3)). Taking logarithms, we deduce that 

alog
(

1 +
bx
a

)

+ (bK − a)log
(

1 −
bx

bK − a

)

− R(y + I*)

= log
(

Ta
0(K − T0)

bK− a
)
− alog

(a
b

)
− (bK − a)log

(
bK − a

b

)

.

Recalling that 

log(1+ z) ≃ z −
z2

2
, ∣z∣≪1,

then 

a

(
bx
a
−

b2x2

2a2

)

+ (bK − a)

[

−
bx

bK − a
−

b2x2

2(bK − a)2

]

− R(I*) −
rʹ(I*)

2I* y2

≃ log
(

Ta
0(K − T0)

bK− a
)
− alog

(a
b

)
− (bK − a)log

(
bK − a

b

)

or 

b3K
2a(bK − A)

x2 +
rʹ(I*)

2I* y2 ≃ log

⎛

⎜
⎜
⎜
⎝

(
a
b

)a
(

bK− a
b

)bK− a

Ta
0(K − T0)

bK− a

⎞

⎟
⎟
⎟
⎠

− R(I*).

Finally, 
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b3K
2a(bK − A)

(
T −

a
b

)2
+

rʹ(I*)

2I* (I − I*)
2
≃ log

⎛

⎜
⎜
⎜
⎝

(
a
b

)a
(

bK− a
b

)bK− a

e− R(I*)

Ta
0(K − T0)

bK− a

⎞

⎟
⎟
⎟
⎠
.

This represents an ellipse, provided the right-hand side is positive, since rʹ(I*) > 0 (see Eq. (3.3)) and bK − a > 0.

Appendix D. Parameter estimation formulas

For a suitable weighting function w = w(t, s), where t ∈
[
ti, tf

]
and s ∈ ℝ, define the operator A by 

(Ah)(s) =
∫ tf

ti
w(t, s)h(t) dt. (D.1) 

For example, if w(t, s) = e− st, ti = 0 and tf = ∞, then Eq. (D.1) is the usual Laplace transform (finite Laplace transform if tf < ∞). Differentiation of 
Eq. (D.1) with respect to s yields 

(Ah)́ (s) =
∫ tf

ti
D2w(t, s)h(t)dt, (D.2) 

where Dj denotes the partial derivative with respect to the jth variable. Then 
(

Aḣ
)
(s) = w

(
tf , s
)
h
(
tf
)
− w(ti, s)h(ti) −

∫ tf

ti
D1w(t, s)h(t)dt (D.3) 

and 
(

Aḣ
)ʹ
(s) = h

(
tf
) d

ds
w
(
tf , s
)
− h(ti)

d
ds

w(ti, s) −
∫ tf

ti
D12w(t, s)h(t)dt. (D.4) 

Applying A to Eq. (4.3) and differentiating with respect to s, we deduce that 
(

Aḣ
)
(s) = c1(Ah1)(s) + c2(Ah2)(s),

(
Aḣ
)ʹ
(s) = c1(Ah1 )́ (s) + c2(Ah2 )́ (s).

(D.5) 

All the s-dependent terms in Eq. (D.5) can be calculated for a given s since h(t), h1(t) and h2(t) are assumed known for all t ∈
[
ti, tf

]
. Choosing a 

convenient value s = s0, we generate a 2 × 2 linear algebraic system Eq. (4.4) that is easily solved for the parameters c1 and c2.

Appendix E. Average number of tourists and average growth rate

Assume that K > a
b and consider a periodic solution of (3.6). Eq. (3.6b) becomes 

Iʹ(t)
I(t)

= a − bT(t).

Integrating with respect to t from t0 to t0 + P, where t0 is an arbitrary positive number, we get 

log
(

I(t0 + P)
I(t0)

)

= aP − b
∫ t0+P

t0
T(t)dt.

But I(t0 + P) = I(t0), hence 

1
P

∫ t0+P

t0
T(t)dt =

a
b
.

Eq. (3.6a) can be expressed as 

Tʹ(t)

T(t)
[

1 −
T(t)
K

] =

[
1

T(t)
−

1
T(t) − K

]

Tʹ(t) = r(I(t) ).

Integrating with respect to t from t0 to t0 + P gives 

log
(

T(t0 + P)
T(t0)

)

− log
(
|T(t0 + P) − K|
|T(t0) − K|

)

=

∫ t0+P

t0
r(I(t) )dt.

As T(t0 + P) = T(t0), we obtain 
∫ t0+P

t0
r(I(t) )dt = 0.
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