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REVIEW ARTICLE

Development of corrosion inhibitors and 
nanocontainers for self-healing epoxy 
coatings: A review

Joghee Manivannan1  and Kalaiselvan Shanmugam2*
1Department of Chemistry, V.S.B. College of Engineering Technical Campus, Coimbatore, 
Tamil Nadu, India
2Department of Chemistry, Rathinam Technical Campus, Coimbatore, Tamil Nadu, India

Abstract
Self-healing coatings are composed of anti-corrosive polymers that can recover from 
any damage caused to the coating film and regain their original performance. One 
of the methods for preparing self-healing coatings is by incorporating a healing 
agent stored in nanocontainers. When there is damage to the coating film, the 
nanocontainer ruptures due to the mechanical impact. It releases the healing agents, 
which form a protective film via polymerization over the damaged part, thereby 
protecting against corrosion. The second method for preparing self-healing coatings 
involves the embedment of corrosion inhibitors (healing agent) into a nanocontainer. 
Upon damage, the inhibitor is released into the exposed part of the film and retards 
corrosion reactions occurring at the defective part of the metal surface. The two 
components responsible for the self-healing functions are the nanocontainers and the 
corrosion inhibitors (polymerizable material). This article provides a detailed report 
on the development of several types of corrosion inhibitors and nanocontainers, 
their properties, and applications as self-healing coating materials, including their 
advantages and limitations.

Keywords: Epoxy resin; Corrosion inhibitors; Nano materials; Polymerization; Biomaterials

1. Introduction
Paints and organic coatings have become a key method for protecting against corrosion 
in equipment, machinery, and large metal structures across various fields. The binder 
is the major ingredient of paint, and there is a wide range of synthetic resins available 
for the coating industry. Modern synthetic resins comprise polymers with a wide range 
of molecular weights, including alkyd, amino, vinyl, acrylics, epoxies, polyurethanes, 
silicones, nitrocellulose, and chlorinated rubbers. Epoxy resins are one of the important 
classes of synthetic resins that provide high chemical and corrosion resistance. The 
epoxy resin is widely used as a coating material due to its easy conversion into high 
molecular weight products upon reacting with a curing agent through its terminal epoxy 
or hydroxyl groups (or both). There is a wide variety of curing agents available, and the 
choice of curing agent depends on the end-application requirement. The coating protects 
metal structures against corrosion, but the coating surface can be damaged externally, 
making them susceptible to corrosion due to the easy permeation of water, oxygen, and 
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other ions through these damaged sites. Recently, coating 
systems with the capability to repair damage internally 
and recover their coating properties have been developed.1 
These self-healing coating systems utilize self-healing 
materials that respond to external damage and retard 
corrosion.2-4

There are types of self-healing coatings commonly 
reported. The first type of self-healing coating involves 
microcapsules (loaded with polymerizable components) 
dispersed in the coating film. The polymerizable 
components are released when the coating film is 
damaged, and this disrupted region is healed through 
polymerization reactions.5-7 The second type of self-healing 
coatings involves loading micro/nanocontainers with 
corrosion inhibitors, which are released to the damaged 
region in a controlled manner, protecting the surface.8-10 
This self-healing action of coatings with nanocapsules 
occurs through various methods, for example, controlled 
release of inhibitor by desorption, pH-controlled release, 
ion exchange, and mechanical rupture.11 The mechanism 
of self-repair in coatings by external stimuli is displayed 
in Figure 1.

This review covers some of the important classes of 
corrosion inhibitors and nanocontainers used to carry the 
inhibitors. The important factors considered for choosing 
the inhibitors are based on the compatibility of the material 
with the coating matrix, its ability to be encapsulated, and 
its inhibitor efficiency. In contrast, the factors considered 
for nanocontainers are the type of inhibitor used, the 
healing mechanism, and the ability to release the inhibitor 
in a controlled manner when triggered by specific stimuli. 
The investigations on these inhibitors and nanocontainers 
presented in this review were selected based on the 
intrinsic advantages these self-healing materials have over 
similar functional materials. The inhibition mechanism 

and effectiveness of each type of corrosion inhibitors and 
nanocontainers to function as self-healing coatings for 
repairing damaged coating films are also discussed.

2. Nanocontainers
2.1. Inorganic nanocontainers

Nanocontainers are used to encapsulate inhibitors, 
protecting them and enabling controlled release into the 
damaged part of the coating. Inorganic nanocontainers 
are preferred due to their environmental friendliness; in 
contrast, polymeric nanoparticles generally possess lower 
mechanical stability. Hence, research focus has shifted 
to the use of inorganic nanoparticles. Various inorganic 
nanoparticles have been used as nanocontainers for self-
healing coatings, including nanoparticles, nanotubes, and 
nanomaterials with porous nanostructures.

2.1.1. Mesoporous silica

The commonly used mesoporous inorganic materials 
for nanocontainers include mesoporous TiO2, ZrO2, and 
silica. Among these materials, mesoporous silica particles 
are not reactive with the corrosion inhibitors, stable under 
ultraviolet light, and have a large pore volume and surface 
area to incorporate a higher quantity of inhibitor.12 It is 
reported that the inhibitor-loaded silica nanoparticle 
could be modified with octyl group functionalization 
to enhance its dispersibility in oil-based coatings.13 
However, corrosion inhibitor encapsulated in mesoporous 
silica nanocontainers could be released prematurely, 
necessitating the development of novel nanocontainers 
with controlled pore opening/closing at a molecular 
level. This could be achieved by functionalizing silica 
nanoparticles with organic substances (e.g., en-triacetate, 
ethylenediamine).14 Mesoporous silica nanocontainers 
functionalized with organic groups have been reported 
to be excellent anti-corrosive containers for encapsulating 
inhibitors.

2.1.2. Halloysite nanotubes

Halloysite nanotubes are potential inorganic 
nanocontainers that are natural and inexpensive. These 
are 2:1 layered aluminosilicates with hollow tubular 
structures. The inner halloysite lumen has an inhibitor 
loading capacity of up to 20 wt%, depending on the origin 
of halloysite. The loading capacity can be increased by 
2–3  times when the alumina within halloysite lumen is 
etched with sulfuric acid.15 The dispersion of inhibitor-
loaded halloysite nanotubes requires intensive mixing 
to avoid aggregating the nanocontainers. Shchukin and 
Mohwald16 reported that halloysite nanotubes containing 
inhibitors were covered by a layer-by-layer assembly of Figure 1. Self-healing mechanism. Reproduced with permission from ref.1

https://dx.doi.org/10.36922/EER025220043
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polyelectrolyte cell, which facilitates precise controlled 
release of inhibitors.

Several other inorganic nano clay containers have 
been studied, such as Kaolin, montmorillonite, bentonite, 
and graphene oxide.17 The key characteristics assessed 
are eco-friendliness and safety concerns, and these 
are primarily dependent on particle size and chemical 
composition. The biosafety of several nanocontainers is 
presented in Table  1. The presented order suggests that 
halloysite nanotubes are the safest among all inorganic 
nano clay nanocontainers.

2.2. Nanocontainers with layer-by-layer assembled 
shell

The layer-by-layer assembly method is a new approach 
where oppositely charged molecules are adsorbed on a 
flat surface. The technique allows for proper control over 
the film thickness of the multilayer and composition. The 
technique has been applied first to silica nanoparticles by 
coating with layers of polyethylene imine and polystyrene 
sulfonate, and the corrosion inhibitor is entrapped 
within the polyelectrolyte multilayer; pH changes during 
corrosion initiate the release of the entrapped inhibitor.18

The layer-by-layer assembly technique for self-healing 
assembly has been further modified with the formation of 
core-shell-type containers with core oil and polyelectrolyte 
shell. It has been observed that the layer-by-layer coated 
emulsion improved stability toward droplet aggression, and 
the interfacial layer improved its resistance to rupture.19,20 
The prospect of customizing the functionality of the shell 
is the major advantage of the layer-by-layer assembly 
approach. However, the approach is challenged by the 

poor mechanical strength of the shell, making it difficult to 
maintain the integrity of the dried coating films.

2.3. Nanocontainers with polymer shell

Nanocontainers with an organic shell (polymer shell) are 
prepared by oil-water emulsion polymerization. Though 
these shell structures are not as controlled as the layer-
by-layer assembled shells, they have better mechanical 
strength. These nanocontainers are responsive to local 
pH changes. A  research study revealed that a polymer 
shell nanocontainer made from urea formaldehyde and 
encapsulated with linseed oil effectively healed a damaged 
site on an epoxy coating.21 Linseed oil from the organic 
shell was released and formed a protective film on the 
damaged part of the film.

A bilayer nanocapsule made with a hydrophilic inner 
shell and a hydrophobic outer shell could load amine-
type corrosion inhibitors.22 The amine released from 
the nanocapsules as a self-healing coating enhanced the 
corrosion resistance of the coating film.

The organic polymer shell nanocontainer forms an 
effective self-healing material for water-borne coatings 
to protect steel and aluminum alloys. However, it has 
limited applications to oil-based coatings due to the 
dissolution of these shells in organic solvents. Thus, both 
organic and inorganic nanocontainers are developed for 
the encapsulation of various corrosion inhibitors for self-
healing anticorrosion coatings.

3. Inhibitors
Metal corrosion develops due to a disruption in the 
protective coating layer and propagates faster from 
the damaged part. Considerable investigations have 
been carried out to arrest corrosion at the damage site 
through self-healing with corrosion inhibitors (organic or 
inorganic) encapsulated in micro/nanocontainers. These 
inhibitors retard the reaction between metals and the 
environment by either adsorption of the molecules onto 
the metal surface or by altering the anodic or cathodic 
reaction. The performance of several common organic 
inhibitors in different corrosive media is described below.

3.1. Organic corrosion inhibitors

Organic compounds contain oxygen, nitrogen, and sulfur 
atoms and act as corrosion inhibitors due to their higher 
basicity and electron density. These atoms become the 
active centres for adsorption on the defective surface, 
and their efficiency follows the order: Oxygen < nitrogen 
< sulfur < phosphorus atoms. The lone pair electrons and 
p-electrons in inhibitors are involved in electron transfer 
to the metal surface, forming coordinate covalent bonds. 

Table 1. Biosafety ranking of nanocontainers

Safety 
number

Nanocontainers Origin/type Biocompatibility

1 Halloysite Aluminosilicate 
nanotube

Generally good and 
safest

2 Kaolin Aluminosilicate 
(Kaolinite)

Moderate to good

3 Montmorillonite Smectite clay 
(layered)

Good 
biocompatibility

4 Silica 
(amorphous)

Non‑crystalline 
silicon oxide

Generally good 
(amorphous)

5 Bentonite Mostly 
montmorillonite‑ 
based

Similar to 
Montmorillonite

6 Graphene 
oxide (GO)

Carbon‑based 2D 
nanomaterial

Variable (dependent 
on oxidation and 
size)

Note: Safety numbers are presented as follows: 1 represents the highest 
safety; 6 represents the lowest safety.

https://dx.doi.org/10.36922/EER025220043
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Heterocyclic compounds with sulfur and nitrogen having 
various substituents form effective corrosion inhibitors. 
The physicochemical properties and chemical structure 
of the inhibitor compound (e.g., electron density at the 
donor atom, p-orbital character, the functional group) and 
electron structure of the molecule determine the efficiency 
of the inhibitor. Replacing a hydrogen atom in the 
carbon in the ring with a functional group (-NO2, -CHO, 
or -COO) would enhance its inhibition.23 The nature of the 
binding between metal and organic inhibitor molecules 
determines the corrosion inhibition performance of 
the protective layer formed. Therefore, more active sites 
in the heterocyclic parts provide a stronger inhibitor-
adsorption shield through chelation on the metal surface.24 
At the point of attachment, the electron density increases, 
consequently decelerating anodic or cathodic reactions. 
The electrons are absorbed by the cathode, regulating the 
anodic oxidation or corrosion.

The derivatives of thiophene, hydrazine, and pyrrole 
effectively inhibit metal corrosion in acidic solutions. 
However, these inhibitors are relatively toxic, thereby 
limiting their application as anticorrosive coatings and 
primers. Organic compounds containing heteroatoms 
in the conjugated system are an alternative to the above 
inhibitors (Table 2).

Synthetic organic inhibitors are widely studied for 
their inhibition efficiency, including 8-hydroxyquinoline, 
benzotriazole, 2-mercaptobenzothiazole (MBT), 
mercaptobenzoimidazole, and polyaniline. MBT 
and mercaptobenzoimidazole have reportedly 
improved corrosion resistance when incorporated 
into montmorillonite nanoparticles.22,25 MBT and 
mercaptobenzoimidazole form a thin protective layer 
on the damaged metal surface during the self-healing 
process. Benzotriazole, as a corrosion inhibitor, is 
adsorbed on the metal surface and provides anodic 
inhibition.26  8-Hydroxyquinoline, a chelating agent, acts 

as a cathodic inhibitor for aluminum in neutral chloride 
solution by forming poorly soluble chelate complexes.27

3.2. Important organic corrosion inhibitors

3.2.1. Indole-3 butyric acid (IBA)

Various corrosion inhibitors provide improved corrosion 
resistance, as they are more ductile with less stress tension. 
These inhibitors are classified according to their inhibition 
mechanism and composition.28 The inhibitive and healing 
efficiency are determined using the scanning vibrating 
electrode technique and electrochemical impedance 
spectroscopy (EIS). Hang et al.29 studied clay modified 
with IBA and observed enhanced corrosion resistance due 
to increased inhibitive action of IBA at the carbon steel 
surface by the enhanced barrier properties. Therefore, the 
self-healing property of the IBA-modified clay improves 
protection against corrosion. This has been confirmed 
by polarization curves, whereby IBA acts as an anodic 
inhibitor for carbon steel; local electrochemical impedance 
measurements on a scratched sample were in agreement 
with the findings.

3.2.2. Polyaniline

In general, larger molecules with a bulky structure cover 
more area on the electrode surface. In addition, they 
possess chemisorptive properties, as they contain nitrogen 
atoms in the polymer chain. These nitrogen atoms provide 
a reactive site for chemisorption, which further enhances 
the inhibition. Due to their stability and lower cost, these 
conducting polymers are widely investigated. The presence 
of large pi-electron clouds and quaternary nitrogen atoms 
confers inhibitive properties.30,31 In its conductive state, 
polyaniline displaces the electroactive interface from its 
usual location and retards corrosion. The mechanism of 
corrosion inhibition of polyaniline begins with iron being 
oxidized, along with simultaneous electron release. Metal 
dissolution due to the initiation of corrosion causes a 
cathodic shift of the potential, which induces the reduction 
of polyaniline and transfer of the stored positive charge in 
its oxidized form to the defect site. This action forms a 
passive layer of metal oxide, which retards the propagation 
of corrosion.32

Han et al.33 investigated the self-healing anti-corrosion 
properties of polyaniline/epoxy copolymer-urea-
formaldehyde microcapsule coatings on rusty steel sheets. 
The polyaniline/epoxy copolymer, as a core material, at the 
ratio of 0.05:1 (wt.%), exhibited the highest electrochemical 
resistance to corrosion. The microcapsule (15 wt.%) within 
the coating provided excellent corrosion resistance due to 
the self-healing action. It was inferred that the polyaniline/
epoxy copolymer-containing microcapsule system acts as 

Table 2. Types of organic corrosion inhibitors

Type of inhibitors Examples

Nitrogen‑containing 
compounds

Amines, pyridine derivatives, quaternary 
ammonium salts, triazole derivatives, Schiff base, 
amino acids, and indazole

Nitrogen‑ and 
sulfur‑containing 
compounds

Imidazole derivatives, thiadiazole derivatives, 
and thiazole derivatives

Nitrogen‑ and 
oxygen‑containing 
compounds

Oxazole derivatives, phthalimides, and plant 
extracts/natural

Sulfur‑containing 
compounds

Thiourea derivatives and sulfonates

https://dx.doi.org/10.36922/EER025220043
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an effective anticorrosion coating and could be applied 
directly onto rusty steel surfaces.

3.2.3. 8-Hydroxyquinoline

Various studies have been conducted on the application of 
quinoline derivatives as corrosion inhibitors in acidic media.34 
Among these, 8-hydroxyquinoline has been reported as an 
outstanding complexing agent.35,36 8-Hydroxyquinoline is 
a good bidentate-complexing agent, which can form four 
and six covalent complexes with many metal ions. Based 
on this, 8-hydroxyquinoline has been used specifically for 
metal corrosion protection. Recent studies have revealed 
that 8-hydroxyquinoline is a mixed-type inhibitor of 
aluminum corrosion and forms complexes with copper 
and aluminum.37 The inhibition process is formed by this 
complex formation with dissolved metals, enabling barrier 
film formation to retard further corrosion.

8-Hydroxyquinoline functions as an effective 
corrosion inhibitor for high-strength pipeline steel in 
15% HCl solution.36 It forms a protective surface film 
through adsorption by acting as a mixed-type inhibitor. 
The inhibitive efficiency increases with increasing 
concentrations of 8-hydroxyquinoline and is further 
enhanced upon the addition of potassium iodide (KI). The 
heteroatoms present in hydroquinone complexes with iron 
ions, forming a protective film.

3.2.4. Benzotriazole

Benzotriazole is a renowned corrosion inhibitor that forms 
a protective layer on metal surfaces through covalent and 
coordinate bonds. It is also used in combination with other 
corrosion inhibitors to enhance inhibition efficiency.

The corrosion inhibition efficiency of benzotriazole on 
carbon steel used as reinforcement in concrete has been 
studied.38 To imitate marine environments, the effect of 
benzotriazole (1.5 wt.%) on the corrosion resistance of 
carbon steel of a matured concrete, along with the addition 
of 3.5 wt.% NaCl solution was studied. The investigation 
was carried out using potentiodynamic polarization tests 
and EIS. Compared to the nitrites used for inhibiting 
corrosion of reinforcement steel in concrete, benzotriazole 
addition displayed better inhibitor efficiency; hence, 
benzotriazole can be a desirable and attractive alternative 
to nitrites.

In one study, 1,2,3-benzotriazole was incorporated into 
an acrylic coating that was applied onto cold-rolled mild 
steel in an acidic medium (H2SO4 solution); further testing 
of the organic corrosion inhibitor revealed that there was 
no corrosion progression on the coated film even after 
30 days of exposure of the coated substrate.39 The study was 
conducted with different concentrations of benzotriazole, 

and 0.1 wt.% benzotriazole in acrylic coating reported the 
best corrosion protection.

3.2.5. Mercaptobenzothiazol

Several studies have been conducted to investigate the 
efficiency of corrosion inhibition of 2-MBT on various 
metals, including copper, aluminum alloy, and carbon steel. 
The studies have indicated that the heterocyclic compound 
2-MBT is a good corrosion inhibitor on these metals.40,41

Copper-based alloys (primarily Cu-Ni) find extensive 
use across various fields of applications in industries. The 
performance of 2-MBT and its inhibition efficiency on 
Cu-Ni alloys in a corrosive environment (with 3 wt.% 
NaCl solution) was evaluated using weight loss methods, 
potentiodynamic polarization, and EIS. It was observed 
that MBT enhances the corrosion resistance of copper-
based alloys; at 80  ppm, the maximum inhibition was 
approximately 92%. Furthermore, 2-MBT functioned 
as a mixed-type inhibitor. The nitrogen and exocyclic 
sulfur atoms of 2-MBT are adsorbed on the metal surface, 
forming a thin film that inhibits corrosion.42

Another study evaluated the inhibitive efficiency 
of 2-MBT in 5% HCl solution on aluminum and 
aluminum–titanium alloys.43 EIS and Tafel polarization 
were employed to assess varying concentrations of 
2-MBT and temperatures. It was found that 2-MBT 
exhibited good anticorrosive properties on aluminum 
and aluminum–titanium alloys. As the concentration of 
2-MBT increased, inhibition efficiency enhanced as well. 
Conversely, inhibition efficiency decreased with increasing 
temperature.

3.2.6. Mercaptobenzimidazole

Benzimidazole, a heterocyclic compound, and its 
derivatives are regarded as good corrosion inhibitors for 
many metals and their corresponding alloys, even in highly 
corrosive environments (both acidic and basic media) and 
salt solutions.44 Benzimidazole and its derivatives behaved 
as mixed-type inhibitors, with the inhibitive effect more 
evident towards cathodic reactions over anodic reactions.

The inhibition efficiency of imidazolium-based 
inhibitors on mild steel in H2SO4 was studied recently.45 
The corrosion inhibition performance indicated that the 
molecular modification of benzimidazole led to enhanced 
corrosion inhibition. Theoretical molecular modelling 
methods have helped develop potential corrosion 
inhibitors. The mechanism for the corrosion protection 
of benzimidazole and its derivatives is attributed to the 
presence of pi-electrons on the planar-fused moiety and 
non-bonding lone pair electrons on the heteroatoms.
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Obot et al.46 studied the corrosion inhibition 
performance of 2-mercaptobenzimidazole on iron, 
copper, and aluminum surfaces. The study revealed 
higher inhibitor efficiency of 2-mercaptobenzimidazole 
(MBI) on steel compared to aluminum and copper. EIS 
measurements indicated that benzimidazoles are readily 
adsorbed, and the thin layer formed on the metal surface 
provides a physical barrier, which inhibits charge transfer 
reactions at the metal-solution interface. Benzimidazole 
derivatives are regarded as mixed-type inhibitors, 
exhibiting better inhibitive effect on cathodic reactions 
over anodic reactions. Furthermore, adsorption of the 
inhibitors on the metal surface to protect the metals was 
also confirmed by scanning electron microscopy images. 
The study also reported that benzimidazoles exhibit high 
inhibition efficiencies of up to 99% in concentrated HCl or 
H2SO4 solutions at different temperatures.47 The inhibiting 
properties observed at different temperatures presented a 
marginal decrease in inhibition efficiency with increasing 
temperature.

However, the disadvantages of using synthetic 
organic inhibitors have limited their scope of application, 
necessitating the development of cost-effective, non-toxic 
products or natural green inhibitors.

3.3. Green inhibitors

Due to changes in environmental laws and the awareness of 
environmental issues, the research focus has shifted from 
conventional corrosion inhibitors towards environmentally 
friendly green inhibitors. These natural products contain 
a range of active substances that can bind to organic 
compounds, subsequently adhering to metal surfaces and 
forming a film layer to protect against corrosive elements. 
As natural extracts contain abundant active elements, a 
wide range of corrosion inhibitors can be produced from 
these extracts. For instance, natural extracts containing 
a mix of phytochemicals and functional groups have 
an affinity to adsorb onto metal surfaces. These natural 
extracts are non-toxic and biodegradable, making them 
the preferred option as corrosion inhibitors in organic 
coatings.48

A handful of studies have investigated the inhibition 
effect of naturally occurring materials in both acidic and 
alkaline conditions. The extract of Delonix regia was found 
to inhibit metal corrosion in HCl solutions. In addition, 
higher concentrations of the inhibitor are associated 
with enhanced inhibition efficiency. However, inhibition 
efficiency decreases with longer exposure time when 
tested on aluminum in HCl solutions.49 Rosemary leaves 
(Rosmarinus officinalis) have been studied as corrosion 
inhibitors on aluminum-magnesium alloys in a 3% NaCl 

solution; the presence of flavonoids in the extract enhanced 
the passivating film properties of the steel.50

El-Etre51 studied the corrosion inhibition property of 
natural honey on carbon steel and reported that natural 
honey exhibited a remarkable corrosion inhibition in high 
saline water. Although the inhibition efficiency increased 
with increasing natural honey concentration, the inhibition 
efficiency decreased over time due to fungal growth in 
the medium. He investigated the corrosion inhibition 
efficiency of Opuntia extract on aluminum; the efficiency 
of inhibition increased with increasing concentration 
of the extract.52 A separate study assessed the corrosion 
inhibition efficiency of khillah seed extract on SX 316 steel 
in HCl solution; the inhibition mechanism is attributed to 
the formation of insoluble complexes from the interaction 
of iron cations with khellin.53

Ebenso et al.54,55 investigated the corrosion inhibition 
of aluminum and mild steel using ethanolic extracts of 
African bush pepper, Carica papaya leaves, and neem leaves 
(Azadirachta indica). The concentration and temperature of 
the extracts have a direct correlation with inhibitor efficiency; 
C. papaya exhibited maximum inhibition at 30°C, whereas 
A. indica’s performance peaked at 40°C.56 Zucchi and 
Omar57 observed reduced corrosion in steel using various 
plant extracts, with an efficiency of 88–96% in 1 N HCl and 
a marginally lower efficiency in 2 N HCl. It was reported 
that the protein content of these plants is hydrolyzed 
into products with inhibitory properties. Another study 
investigated the corrosion inhibition capacity of honey 
and R. officinalis58; the inhibitive effect of these compounds 
increased when zinc was polarized by the addition of salts, 
such as NaCl and Na2SO4. Likewise, the electronegativity 
of halide ions enhances inhibition efficiency, suggesting 
a significant role in the surface adsorption process.59 In 
another study, guar gum, a polysaccharide compound, 
has been used as a corrosion inhibitor for carbon steel,60 
reportedly enhancing the efficiency of corrosion inhibition. 
The inhibitive property of guar gum is attributed to its 
horizontal adsorption on the steel surface, and it follows 
the Langmuir adsorption isotherm. Okafor et al.61,62 studied 
the extracts of onion (Allium sativum), C. papaya, Garcinia 
kola, and Phyllanthus amarus for their corrosion inhibition 
efficiency; the results suggest that these extracts served as 
good corrosion inhibitors through chemical adsorption on 
the metal surface.

A large number of studies have been carried out using 
the extracts of natural honey, jojoba oil, Artemisia oil, 
Telfaria occidentalis, Ocimum viridis, A. indica, Sanseviera 
trifasciata, and rosemary for their anti-corrosion 
properties.63-69 The results indicate that these extracts 
inhibit the corrosion process in both acidic and basic 
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solutions; inhibition efficiency increased with increasing 
concentrations of these extracts. Similarly, the inhibition 
efficiency of Musa peel and Punica granatum extract was 
evaluated.70,71; the inhibition efficiency of P. granatum extract 
increased with increasing concentration but decreased 
with increasing temperature and time. Nonetheless, most 
of these studies are limited to steel, and only a few studies 
have used aluminum and copper.

The corrosion inhibition efficiency of natural plant 
extracts has been tested mostly in mildly acidic or basic 
solutions at varying concentrations. Hence, natural plant 
products have great potential to serve as a corrosion-
inhibiting material, effective in preventing metal corrosion 
and comparable to organic inhibitors. Although natural 
plant extracts are environmentally safe, inexpensive, and 
derived primarily from renewable sources, further research 
is warranted to study the inhibition efficiency of plant 
extracts under varying conditions, their compatibility 
with different coating systems, and their effectiveness in 
different substrates.

3.4. Drugs as green corrosion inhibitors

In the virtual screening method, results from corrosion 
studies of drugs have indicated that the substructures 
of drugs share many similarities with general corrosion 
inhibitors.72 Five- and six-membered rings of heterocyclic 
and carbocyclic systems are commonly found in drug 
structures, and most of these compounds are aromatic. 
Hence, heterocycles and substituted benzene rings, such 
as furans, thiophenes, pyridines, isoxazoles, and imidazole, 
commonly occur in drug structures. The effectiveness of 
a corrosion inhibitor depends on its molecular structure, 
chemical composition, and binding affinity to the metal 
surface. Owing to their high molecular weight, compounds 
containing heteroatoms (O, S, or N) with lone-pair electrons 
and aromatic rings can enhance adsorption onto the metal 
surface, particularly at damaged sites to prevent corrosion.73

There is great potential for further exploration, as these 
compounds are environmentally friendly. Over the past 
two decades, several research investigations have been 
carried out on the use of a wide range of drugs as corrosion 
inhibitors. The drugs investigated so far are predominantly 
hydrophilic and biodegradable. However, since the 
transformation products of some drugs may be highly 
hazardous to the environment, more studies are required 
before any drug can be considered truly eco-friendly when 
evaluating its suitability as a green corrosion inhibitor.

4. Conclusion
In this review, we discussed some of the most important 
classes of organic corrosion inhibitors and highlighted 

their observed improvements in corrosion resistance. 
Most organic inhibitors investigated have been found to 
adsorb onto metal surfaces, forming a protective barrier 
coating. The availability of non-bonding electrons and 
pi-electrons in the inhibitor molecules facilitates electron 
transfer from the inhibitor to the metal, and the efficiency 
of inhibition depends on the stability of the chelate formed. 
Among these compounds, triazoles and benzotriazoles 
are particularly known for their strong adsorption and 
protective film formation on metal surfaces.

The importance of green inhibitors of plant origin has 
been reviewed, as they are derived from renewable resources 
and are biodegradable. The inhibition efficiency of plant-
based green inhibitors, along with their effectiveness under 
increasing extract concentration, elevated temperature, and 
different environments (acidic and alkaline conditions), 
has been reported. Green inhibitors containing compounds 
such as tannins, flavonoids, and alkaloids adsorb onto the 
metal surface and form a protective layer.

This review also focused on studies of some of the most 
essential classes of nanocontainers, their effectiveness 
as smart containers, and the advantages and limitations 
associated with their practical applications. Mesoporous 
silica and halloysite clays are among the most widely 
studied inorganic nanocontainers, owing to their superior 
performance in self-healing coatings and their biosafety.

The self-healing coatings developed to date are capable 
of repairing only minor damages, such as abrasion or 
puncture, on the substrate. Future research could look 
into developing intelligent healing mechanisms capable 
of repairing more complex damage. In addition to self-
healing, future research should also focus on incorporating 
antimicrobial functions in nanocontainers to broaden their 
industrial applications. Currently, most nanocontainers 
are based on single-stimulus-responsive materials; 
however, multi-stimulus-responsive nanocontainers may 
be developed to further enhance self-healing performance.
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Abstract
Sustainable fisheries development is increasingly critical amid rising global 
demand for marine resources. In this context, the Indian Marine Fishery Advisories, 
particularly Potential Fishing Zone (PFZ) and Ocean State Forecast (OSF) 
Advisories, have emerged as key tools to enhance fishery practices while reducing 
uncertainty and risks. The Earth System Science Organization-Indian National 
Centre for Ocean Information Services, under the Ministry of Earth Sciences, has 
been providing satellite-based PFZ and OSF Advisories since 1999 and 2009, 
respectively. PFZ Advisories guide fishers to areas of high fish aggregation, 
whereas OSF services enhance safety through accurate ocean weather forecasts. 
These advisories are disseminated daily to the coastal fishing community across 
India through multiple channels. Despite demonstrable improvements in catch 
per unit effort and fisher incomes in many regions, significant disparities remain 
in access and utilization of these services. Public–private partnerships, particularly 
those involving non-profit organizations, have the potential to bridge these gaps 
by improving outreach and community capacity-building at the grassroots level. 
In addition, international experience shows that co-management practices can 
support long-term sustainability in fisheries. This study reviews the dissemination 
and utilization of PFZ and OSF Advisories globally, with a focus on India, and 
evaluates their socioeconomic and environmental impacts. It identifies barriers to 
access, highlights successful models, and explores future needs for inclusive and 
sustainable fishery development. The findings aim to inform policy frameworks 
that align with the Sustainable Development Goals, particularly those related to 
poverty reduction, food security, and marine resource sustainability.
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1. Introduction
The fisheries and aquaculture sectors have been treated as 
the “sunrise sector” in India.1 The fishery sector in India 
can be characterized by small-scale farming, employs 
over 16 million people, and doubles in the value chain.1,2 
During the 11th  5-Year Plan, the output value of growth 
from the fishery sector was about 3.6% annually, where 
₹24.83 billion was allocated for the fishery sector.3 The fish 
production in India has since been increased by almost 
17-fold, from 0.75 million metric tons (Mt) in 1950–1951 
to 13.42 Mt in 2018–2019.2 In general, India as the second 
largest fish producer country in the world after China, 
accounted for 6.56% of global fish production during 
2017–2018.4 Fishery sector has contributed for 5.23% to 
the Agricultural Gross Value Added (GVA) and 1.07% to 
the country’s GVA during financial year (FY) 2017–2018 
(Figure  1A), which is about ₹1755.73 billion.2 India also 
earned a significant amount of foreign exchange worth 
₹465.89 billion (US$6.73 billion) from fishery export, 
which is 5% of the overall export and 19.23% of the total 
agricultural export.2 Along with the utilization of 8118 km 
long coastline consisting of 0.53 million km2 continental 
shelf area within 2.02 million km2 of exclusive economic 
zone (EEZ) in India, the estimated total annual harvestable 
marine fishery potential was about 5.31 Mt whereas 
3.71 Mt (approximately 71%) has been harnessed across its 
nine maritime states, two union territories, and two island 
territories (Figure 2) during FY 2018–2019.2,3,5,6

According to the Food and Agriculture Organization 
of the United  Nations (FAO), total global marine fish 
production was about 108 Mt in 2016, where India 
contributes about 3.65%.4 Currently, fish provides 16% 
of the total global protein7; however, India only accounts 
for 28% of the marine fish production (3.71 Mt) of the 
total production of 13.42 Mt.2 India stands in sixth 
position in global marine fish production after China, 
Indonesia, USA, Russia, and Peru, which contributed 

about 4.5% to the total global production.4 According 
to the report prepared by the Marine Products Export 
Development Authority, the marine fish production in 
India has increased from 0.53 Mt in 1950 to 3.71 Mt in 
2018 (Figure 1B). However, marine fish capture from the 
Indian mainland declined by 9% in 2018 compared to 
2017.8 The maritime state of Gujarat, located in the north-
west of the Indian coast, remained the largest producer of 
marine fish (approximately 0.72 Mt) in the country. At the 
same time, maximum species diversity (735 species) was 
contributed by Tamil Nadu and Kerala.8 India exported 
1.38 Mt of seafood (worth US$7.08  billion) during 
2017–2018 compared to 1.13 Mt (worth US$5.78 billion) 
during 2016–2017, with an annual growth rate of 21.35% 
in terms of quantity, where Frozen Shrimp (41.10% of 
overall export) was the major exported item.6 Countries, 
such as the USA, along with Southeast Asia and Europe, 
are the major importers of these seafoods. According to the 
decade report prepared by the Department of Agricultural 
Research and Education–Indian Council of Agricultural 
Research,8 the composition of commercially important fish 
species in India has decreased dramatically in recent years 
due to the changes in environmental parameters, such as 
water quality and salinity.

Monitoring of fishing activities in the deep ocean 
is required for better fisheries management as well as to 
conserve marine biodiversity.9 Although fish productivity 
is limitless and it is a renewable resource, overexploitation 
due to high demand, along with global warming and 
climate change, renders this sector critical, which 
becomes a major threat to the livelihoods of the coastal 
community.10 The continuous exposure to salt water, 
sand, and frequent natural calamities, such as cyclones 
and storm surges, increases the vulnerability of their 
livelihoods in India.11,12 Bottom trawling, overcapacity 
of the fishing boat, and continuation of the government 
subsidies for the mechanized fishing crafts are the main 

Figure 1. Trends in marine fish landings and economic contributions over the past decades. (A) The change in marine fish landings over the past decades. 
(B) Contribution to the total GDP and agricultural GDP from the fisheries sector in India over the past decades. Image created by the author.
Abbreviations: AgGDP: Agricultural gross domestic product; GDP: Gross domestic product. 
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reasons behind the overexploitation of the marine fish, 
resulting in severe damage to some species, requiring 
preservation.13 Adequate resource management (Figure 3) 
for sustainable utilization of marine resources needs to be 
strategized under current scenarios.14 Empirically, fishing 
populations used traditional indicators of ocean features, 
such as temperature and color “breaks,” feeding birds, 
foam, and accumulation of floating objects, to locate fish 
aggregation zones in the open sea.15 However, the locating 
and catching of the marine fish became challenging due 
to the decline in the fish stocks in the usually available 
locations, which can be recovered by a reliable and timely 
forecast on the fish aggregation using remotely sensed 
data.16 In this connection, remote sensing technology 
is being used for sustainable fisheries management by 
locating fish schools in the open sea more prominently and 
also for monitoring the ocean environment.17-19 To avoid 
tremendous pressure in the traditional fishing zones due to 
increasing fishing fleets, several fishing effort needs to be 
diverted to the suitable potential fishing zone (PFZ) of the 
open sea.20 Remote sensing technology can identify PFZ 
based on various satellite-derived products, such as sea 
surface temperature (SST) and chlorophyll concentrations 
(CC), where fish are available. Therefore, remote sensing 
techniques can play a huge role in marine resource 
exploitation (mainly fish) with the lower effective cost 
by saving fuel as well as search time, which also reduces 
the burning of fossil fuels.15 Due to the sustainable use of 
marine fishery resources, the regulation related to fisheries 
must be implemented through scientific Marine Fishery 

Advisories (MFAs) based on satellite data.21 To reduce 
the uncertainty and risk during the fishing operation, 
remotely sensed MFAs have high potential. Historically, 
the USA first started fish predicting zone using remotely 
sensed data in 1971.22,23 To reduce the unpredictable 
weather patterns and non-availability of fish in the usually 
available location, the Indian National Centre for Ocean 
Information Services (INCOIS) had started to provide PFZ 
Advisory in the late 1990s on behalf of the Government 
of India.24 PFZ, a short-term and reliable forecast on the 
fish aggregation zone in the open sea, helps fishers to locate 
large fish shoals through the reduction in search time and 
saves fuel.17,25 The increasing demand for marine fishery 
products was also a major reason behind the adaptation 
of PFZ Advisory in India.25 In the case of India, presently, 
marine fishing practices have been concentrated within the 
narrow belt of 50 m depth in inshore water.26 INCOIS has 
also started the ocean state forecast (OSF) service in 2009, 
which includes wave heights, wave direction, wind speed 
and wind direction, tides, and currents to ensure the safety 
of the fishermen during fishing. OSF is also helpful as a 
decision-making tool for venturing into the deep ocean, 
and is also useful for the other coastal communities during 
extreme events.27,28

The current review provides a detailed mechanism 
of the INCOIS-derived MFAs along with their evolution 
throughout the periods. Besides, the usefulness and benefits 
of the MFAs are discussed across various maritime states 
in India through reviewing various literature. Therefore, 

Figure 2. The location of nine maritime states, two union territories, and two island territories contributed to the marine fish production in India. Image 
created by the author.
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the present review is significant for understanding the 
overall scenario of the development, dissemination, and 
impacts of advisories in the Indian context. Moreover, 
a global overview of the MFA has also been discussed. 
Furthermore, the role of MFAs in achieving various 
Sustainable Development Goals (SDGs) imposed by the 
United  Nations through sustainable fishery practices 
was reviewed. These will also be helpful to understand 
the futuristic scope to improve the same with respect to 
its development and dissemination, as well as usages to 
enhance the sustainable fisheries in India.

2. Materials and methods
The literature reviewed in this article was identified 
through targeted searches in several scientific databases, 
including Web of Science, Scopus, and Google Scholar, 
covering publications between 1984 and 2025. Keywords 

used in various combinations included: “Marine Fishery 
Advisory,” “Ocean State Forecast,” “Dissemination,” 
“CPUE,” and “SDG 14,” depending on the specific focus of 
each subsection.

Publications were selected based on their relevance to 
the topic and their contribution to the understanding of 
various criteria. For example, biological control of invasive 
alien plant species, physio-biological processes behind 
fish abundance, development and dissemination of PFZ 
Advisories, influence on the fish capture, socioeconomic 
benefits of PFZ and OSF Advisories, and methodological 
robustness. Preference was given to peer-reviewed journal 
articles, although relevant books, reports, and gray 
literature were also considered where appropriate. No 
strict inclusion/exclusion criteria were applied, as this is a 
narrative review aiming to provide a broad overview of the 
current knowledge and emerging trends in the field.

Figure 3. Challenges and managerial problems in the marine fishery sector in India and scope through the use of Marine Fishery Advisories (MFAs), such 
as the Potential Fishing Zone and Ocean State Forecast. Image created by the author.
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3. Development of MFAs in India
3.1. Physio-biological processes in the ocean and 
fish abundance

The static nature of the marine ecosystem controls the 
distribution of fish, whereas the oceanographic conditions, 
such as SST and CC, that indicate the fish stocks,17,29 can 
be traced by utilizing the remotely sensed data.30 The 
presence of phytoplankton containing high CC indicates 
high primary productivity regions where the marine fishes 
concentrate due to the presence of food.23 Therefore, the 
ocean color (high CC) provides the area of rich biological 
products, which are also related to the oceanic fronts, 
topographic structure, upwelling, and eddies, known as 
fish accumulation zones for their feeding and spawning.31-33 
On the other hand, SST can be characterized by a suitable 
environment in terms of temperature for enhancing 
biological productivity.34 For instance, cool water 
contains the highest nutrient materials, and therefore, 
SST is inversely correlated with PFZ areas.32,34 The studies 
conducted by Solanki et al.35 and Kripa et al.36 also found 
that the temperature gradient in the ocean attracts fish, 
whereas the ocean color features coincided with the thermal 
fronts associated with the high primary productivity. In 
this context, special oceanic processes (SOPs), such as 
upwelling zones, the location and evolution of frontal 
boundaries, and current eddies, are also significant in the 
case of marine fisheries habitat.37 For instance, cyclonic 
eddies found with high CC lead to high fish catch, whereas 
the anti-cyclonic eddies are associated with low fish catch 
due to the absence of high CC.30 Therefore, the presence 
of chlorophyll (Chl) along with favorable SST is highly 
favorable for the fish aggregation in the open ocean, as 
illustrated in Figure 4.23

The behavior of fish is influenced by the favorable ocean 
environment, including seawater temperature, salinity, pH, 
and dissolved oxygen (DO), as each fish species has their 
own favored water temperature range, prey availability 
(near fronts), water clarity (turbidity), and productivity 
zones (ocean color) for their survival.14,17,20,27 Marine pelagic 
fishes usually aggregate with a sharp horizontal temperature 
gradient up to a depth of 50 m in the ocean.38,39 Seawater 
temperature and its seasonal and interannual fluctuation 
are the most important environmental parameters to find 
out the relationship between the behavior of fish and their 
abundance in the ocean environment.15 It has been recorded 
that the optimum temperature for cold water fishes ranges 
between 20℃ and 28℃, whereas warm water fishes can 
survive above 28℃.22 On the other hand, CC >0.2 mg/m3 in 
the sea is favorable for commercial fishery.40 Furthermore, 
DO, an important water quality parameter required for 
acquiring the living organism, is inversely correlated with 
the water temperature,41 while sea surface salinity (SSS) 
determines the density of seawater.9 It is interesting to note 
that more fishing spots are found during the winter season; 
however, fishers need to travel farther offshore and spend 
more time at sea to reach deeper fishing areas compared to 
the summer season.42 For example, organized tuna fishing 
is conducted at the submarine ridge of the Lakshadweep 
region, consisting of low seasonal variability in terms 
of different seawater parameters, such as salinity and 
turbidity, due to the distance from the mainland.43 Tuna 
fish is also highly sensitive to temperature.31 Due to the 
wind direction and wind movement, the oceanic features, 
such as eddies, rings, and fronts, are found to be shifted. 
This water mass movement due to the wind is also closely 
associated with the dispersal of fish shoals.44 To understand 
the probable shift, Hossain et al.29 incorporated the wind 
speed and wind direction data in the PFZ map.

Figure 4. Key physio-biological processes influencing fish abundance in the ocean, forming the scientific basis for Marine Fishery Advisories. Image 
created by the author.
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3.2. Background and evolution of MFAs

Historically, the USA started a fish-prediction zone in 
1971 worldwide for the first time using remotely sensed 
data. To understand the relationship between Chl and SST, 
Arnone45 used coastal zone color scanner and National 
Oceanographic and Atmospheric Administration-
Advanced Very High-Resolution Radiometer 
(NOAA–AVHRR) data, whereas Laurs et al.46 found that 
tuna fish are distributed in the vicinity of fronts where 
water is relatively warmer, utilizing these datasets. In 
the case of India, MFAs in the form of PFZ forecast had 
been developed during 1989–1990 for the first time 
using NOAA–AVHRR derived SST at Space Application 
Centre (SAC), Ahmedabad.37 Meanwhile, the National 
Remote Sensing Agency was the institutional body for PFZ 
Advisory generation and dissemination. By developing 
“merged SST,” incorporating the buoy temperature, wind 
observations (diurnal variation correction) with the 
AVHRR-extracted SST, Karthikeyan47 stated that SST will 
also be useful to locate cold-blooded fish in the ocean. 
Tingote and Mane48 also found that the environmental 
parameter called SST can easily be correlated with the 
availability of pelagic fish. However, SST-derived PFZ 
Advisory was inadequate in tropical and equatorial waters 
during summer due to strong stratification, preventing 
the arrival of cool nutrient-rich waters to the sea surface 
from the deeper layer, and surface wind might also affect 
the frontal structure.49 Later, SAC developed an integrated 
approach using satellite-derived CC and SST to locate PFZ 
in the Indian seawater, and it was handed over to the Earth 
System Science Organization (ESSO)-INCOIS in late 2001 
after the successful launching of the Indian Remote Sensing 
Satellite-P4 (IRS-P4) Ocean Colour Monitor (OCM) 
on May 26, 1999.50 For the experimental PFZ forecast, 
an integrated approach had been developed by Solanki 
et al.,35 where CC was calculated through atmospheric 
corrected OCM data utilizing Ocean Chlorophyll-2 
algorithm and SST was estimated through multichannel 
SST approach as suggested by McClain et al.51 Solanki 

et al.52 also did a synergistic analysis of Sea-WiFS derived 
CC and NOAA–AVHRR derived SST for fishery resources 
exploration and observed an inter-relationship between 
CC and SST. Later, Solanki et al.53 had analyzed Chl data 
from IRS-P4 OCM and SST data from NOAA–AVHRR 
to generate a composite image (using both Chl and SST) 
by monitoring common oceanic features, as the thermal 
features represented by coincident CC and SST contours 
indicated high bio-physical processes in the ocean. 
Recently, Mane and Mishra37 also stated that integrated 
CC and SST are also able to identify SOPs, namely frontal 
boundaries, upwelling zones, current eddies, and meander, 
in the tropical ocean where fish accumulate due to the 
favorable environmental conditions along the temperature 
boundary. Therefore, the integration of SST with CC is 
more effective for PFZ forecast, as fish such as to congregate 
along the temperature boundary enriched with biological 
productivity.26 INCOIS used both the approach where 
composite images were generated using common frontal 
structures using SST and Chl data, along with the second 
approach, the usage of the Chl data alone.49

3.3. Identification and visualization of PFZs utilizing 
remotely sensed data

The fish shoals can be located according to their feeding 
grounds from the combined SST/Chl image generation 
through the detection of various oceanic features.54,55 The 
Chl features coincide with the temperature boundaries, 
indicating the maximum physio-biological processes 
in the open sea, which are useful for the exploration of 
living marine resources.31 IRS-P4 OCM-derived CC and 
NOAA–AVHRR-derived SST data (Table 1) are transferred 
onto a scaled base map through the ground control points 
from the SOPs to generate the integrated PFZ map.14,56,57 
Therefore, the matching features from both Chl and 
SST in the SOPs are crucial to identify the PFZ map. To 
understand the probable shift of the PFZ area, wind vectors 
had been overlaid on the color-coded Chl/SST combined 
images after the geometrical correction. In this connection, 
wind data derived from Seasat-A Satellite Scatterometer 

Table 1. Details of the datasets, along with the respective satellite name and agencies used to generate the PFZ Advisory

Basic input of 
PFZ Advisory

Details of the satellite

Satellite name Respective agency Remarks

SST NOAA–AVHRR NASA, USA Retrieved from thermal‑infrared channels of the respective satellites

Met‑Op EUMETSAT, ESA

Chl Oceansat‑II ISRO, India Retrieved from the optical bands of the respective satellites

MODIS Aqua NASA, USA

Abbreviations: Chl: Chlorophyll; ESA: European Space Agency; EUMETSAT: European Organization for the Exploitation of Meteorological Satellites; 
ISRO: Indian Space Research Organization; Met‑Op: Meteorological Operational Satellite; MODIS: Moderate Resolution Imaging Spectroradiometer 
(onboard Aqua satellite); NASA: National Aeronautics and Space Administration; NOAA–AVHRR: National Oceanic and Atmospheric Administration–
Advanced Very High‑Resolution Radiometer; PFZ: Potential fishing zone; SST: Sea surface temperature; USA: United States of America.
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had also been tested for improved results.56 Solanki et al.44 
developed an algorithm to compute the shifting nature of 
ocean features and the water mass movement due to the 
wind circulation, utilizing QuikSCAT from the National 
Aeronautics and Space Administration (NASA)-derived 
SeaWinds data. To understand the effect of wind on the 
PFZ Advisory, Chandran et al.31 had also used wind data 
obtained from QuikSCAT Scatterometer. Therefore, due 
to the proven linkage between SST and Chl for the fish 
aggregation zone, the PFZ line/curves can be delineated 
by understanding the SOPs due to their high biological 
productivity.16,36 Using the superimposed PFZ map from 
2003 to 2007, Kripa et al.36 also observed that the 50  m 
depth in the nearshore region over the southeastern 
Arabian Sea is more persistent for fish abundance due to 
high river water discharge containing high nutrients.

In the case of India, the PFZ Advisory began under the 
MFA services of INCOIS, imposed by the Government 
of India, and was closely associated with locating pelagic 
fish. According to the report prepared by Swetha et al.58 
on behalf of ESSO-INCOIS, the vector traced from one 
image was initially superimposed on another image 
to delineate the PFZ map (Figure  5), which was time-

consuming and highly prone to manual error. Thereafter, 
the method associated with the automated identification 
of the frontal zone was implemented, reducing the human-
induced error and also shortening the operational process 
chain. For example, single-image edge detection-derived 
output was considerably modified through polyline vector 
and cloud masking, where the ArcGIS toolbox, such as 
“Spatial Analyst” and “Cartography,” was utilized to make 
smooth line curvature. Using this geospatial approach, 
the detection time of thermal fronts within the EEZ was 
shortened by 10–15  min. Later in 2011, ESSO-INCOIS 
initiated the generation of PFZ Advisory using SST and 
Chl from multiple satellites, which became completely 
automated in 2013.50 Over 2008–2017, ESSO-INCOIS 
also developed the Satellite Coastal and Oceanographic 
Research program to overcome the difficulties in generating 
PFZ Advisory during cloudy days, especially during the 
monsoon, which is the peak fishing period, and also to 
encourage the fishing personnel to restrict themself only 
to pelagic fishing practices in the deep ocean.50 Therefore, 
INCOIS used both the approach where composite images 
were made using common frontal structures using SST 
and Chl data, along with the second approach, the usage 

Figure 5. Visualization of basic primary input. The sea surface temperature and chlorophyll of the PFZ Advisory (inset panel) and a sample of the PFZ 
Advisory for Odisha for September 22, 2019. (Source: INCOIS web portal, weblink: https://incois.gov.in/MarineFisheries/PfzWebGis).
Abbreviations: INCOIS: Indian National Centre for Ocean Information Services; PFZ: Potential fishing zone. 
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of the Chl data alone.49 The feedback analysis over the 
Indian West Coast during 1999–2001 also indicated that 
the SST-Chl-integrated approach was 70–90% reliable and 
can increase the catch by up to 200%, whereas the SST-
based approach was only 50% reliable.55 In another study 
conducted by Solanki et  al.33 revealed that the catch per 
unit effort (CPUE) in the matching features (SST and Chl) 
was extremely high; 85% of the observations reported 
higher fish catch compared to other areas.

Though SST and Chl are used in India to develop 
and deliver PFZ Advisory, Balaguru et al.59 reported that 
net primary production estimated from the vertically 
generalized production model using photosynthetically 
available radiation and Chl can also be treated as a key 
parameter to assess fish stock in the open sea. This is because 
the presence of high nutrients in the cool water is a suitable 
region for higher fish catch. Giri et al.23 have developed 
a local spatial model to detect PFZ by generating line 
density using satellite-derived SST and Chl over the West 
Bengal Coast, and identified several highly probable fish 
catch zones, which were very close to the INCOIS-derived 
Advisory. Andrews et al.60 enhanced the precision of PFZ 
using the support vector machine (SVM) mechanism, 
which can be predictive in the absence of satellite data, 
thereby reducing time wastage and making the process 
cost-effective. However, Natteshana and Kumar61 found 
that a statistical model is more efficient in identifying 
PFZ using the rough clustering techniques compared to 
an SVM classifier. To improve the existing remote sensing 
technology for identifying PFZs using satellite-derived SST 
and Chl data in Ratnagarh District, Maharashtra, Mane 
and Mishra37 utilized the R tool, achieving an accuracy level 
of up to 89% within the predicted area. After calculating 
the SST (20–25℃) and Chl (0.10–0.22 mg/m3), the values 
were combined with the X and Y coordinates to obtain 
the SST and Chl matrix, which was used to delineate the 
PFZ region utilizing the R tool. Mudliar et al.9 developed 
a machine learning model to identify the PFZ in the open 
sea using water quality parameters, including DO and 
SSS, through an autoregressive integrated moving average 
and a random forest model. Furthermore, Chakraborty 
et al.50 have developed a model to reproduce PFZ with 
high confidence, transforming PFZ Advisories into PFZ 
forecasts using model-derived Chl and SST, even on 
cloudy days, for sustainable and effective marine fisheries. 
Satellite altimetry data can also be utilized to provide 
pelagic fish advisories throughout the year by avoiding the 
unavailability of satellite data on cloudy days.62 Altimetry-
derived sea surface height anomaly (SSHa) and eddy kinetic 
energy data have been analyzed and compared with optical 
satellite products to obtain PFZ Advisories even on cloudy 
days.59 This study revealed that the usage of optical sensor 

data along with altimetry (multi-sensor data) is very useful 
to identify the PFZ, as well as species-specific PFZ. Solanki 
et al.63 also carried out an integrative analysis of the CC, 
SST, and Satellite with Argos and Altika-derived SSHa for 
better fisheries application, where it has been found that 
satellite-derived low SST and low SSHa designate high CC. 
Therefore, negative SSHa regions are characterized by rich 
nutrients, enhanced phytoplankton growth, and increased 
biological productivity, attracting fish shoals. However, an 
ocean-color sensor can penetrate into the ocean water up 
to 10 m, and can represent more frontal structures, which 
are true biological fronts. Currently, active remote sensing 
instruments, such as radar and sonar, are utilized in the 
field of marine fisheries.

4. Dissemination processes and managerial 
practices of MFAs
Indian INCOIS provides the PFZ and OSF Advisories for 
the marine fishing community to all the fish landing centers 
across the country, except during the fish ban period 
imposed by the Government of India.24,38,64 Utilizing satellite 
data on SST, Chl, water clarity, and SSHa, INCOIS provided 
PFZ service for the 299 days during FY 2018–2019, along 
with 290 days of Yellowfin Tuna Advisory.65 The advisories 
related to the PFZ and OSF are being disseminated to 
the various fishing villages/fish landing centers along 
the entire Indian coast through various information and 
communication (ICT) based tools, viz. digital display 
systems (DDSs), e-mails, phone calls, text messages, audio 
messages, radios, fisheries helpline numbers, mobile 
applications, local television networks, newspapers, 
community networks, and distributions of forecast 
printouts in person (Figure 6) to the targeted fishermen.24,62 
The PFZ forecast has also been sent via e-mail to various 
companies and agencies, including the Agromet Field Unit, 
All India Radio, and local functionaries of the Department 
of Fisheries (DOF), for radio and newspaper transmission, 
where it is challenging to obtain feedback on this process. 
In some states, such as Tamil Nadu, INCOIS collaborated 
with several non-profit organizations (NGOs), including 
the M. S. Swaminathan Research Foundation (MSSRF) 
and Reliance Foundation Information Services (RFIS), for 
local-level dissemination.24 In this context, MSSRF acts as 
a catalyst by raising awareness through village resource 
centers (VRC) and village knowledge centers (VKC) in 
Tamil Nadu and Puducherry.66 MSSRF has also conducted 
several awareness campaigns across 29 districts of Odisha, 
Andhra  Pradesh, Puducherry, Tamil Nadu, and Kerala, 
reaching over 90,000 fishing population.67 According to the 
market study report conducted by MSSRF68 in collaboration 
with INCOIS, it was reported that some fishers in the 
coastal villages of TN and PND were unable to utilize PFZs 
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as the forecasted zones were located far away from their 
traditional fishing ground, and they came on an irregular 
basis. There was also a demand for species-specific PFZs for 
Tuna (already started), Mackerel, Carangids, Oil Sardines, 
Seer-fish, etc. The fisherfolk population also expected 
additional training for the effective utilization of the PFZ 
and OSF Advisory. The study conducted by the National 
Council of Applied Economic Research (NCAER)66 also 
concluded that greater emphasis needs to be placed on the 
dissemination processes of the PFZ and OSF services at 
the grassroots level. In this context, the INCOIS–MSSRF 
partnership could be a milestone in this sector for the 
purpose of smooth dissemination through the “Fisher 
Friends Programme.” Kumar et al.38 also noted that an 
awareness enhancement program may be helpful for the 
smooth dissemination of these advisories and increase 
economic benefits in terms of reduction in search time, 
fuel saving, and enhancement in CPUE.

The new generation electronic display boards (EDBs), 
known as DDSs, were inaugurated by INCOIS in January 
2018. A  total of 66 DDSs were installed along with 72 
existing EDBs as of March 31, 2018.28 The problems of the 
usage of the electronic board in the PFZ dissemination are 
the requirement of electricity, maintenance, and the skill to 
operate.69 Currently, INCOIS has installed 98 DDSs along 

India’s coastal regions, in addition to 85 existing EDBs. 
During 2018–2019, the total number of registered users 
of MFAs at INCOIS reached nearly 9 lakhs (approximately 
900,000).65 The DDS also has the capability to reduce the 
strains of different hazards by disseminating the real-
time ocean state, namely wave heights, wind speed, and 
wind direction, and tsunami warnings along with PFZ 
Advisory.62 However, the effective utilization of DDS was 
hampered due to limited installation, prevalence of poor 
GPRS, lack of local expertise to address the issues in DDS 
units, and the issues related to the power supply at the 
installed sites. ICT-based EDB/DDS consists of two parts: 
a liquid crystal display and a secure siren system. It also 
has two components: a table and a map.25 Along with the 
possible fish aggregation zones in dark line (known as 
PFZ), the map also provides the probable shifting location 
of fish, depending on the wind speed and wind direction. 
The texts contain details of direction, distance, depth, 
latitude, and longitude, along with the global positioning 
system location of fish aggregation zones.25 For better 
usage of PFZ, it is advised to catch fish on the same day 
after receiving it. Fishing in the middle of the PFZ line, 
inside the curved area, and between two PFZ lines yields 
maximum catch. The shifting features of the PFZ line 
indicate the movement of the fish shoal for the next two 

Figure 6. Different information and communication-based dissemination processes of the potential fishing zone and Ocean State Forecast Advisories in India. 
Image created by the author.
Abbreviations: DDS: Digital display system; EDB: Electronic display board; FFMA: Fisherman-friendly mobile application; SMS: Short message service; 
VKC: Village knowledge center; VRC: Village resource center. 
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days.25 Therefore, the fishing operation became more useful 
when it was undertaken on or closer to the dates when the 
related SST/Chl data were received from the satellite.38

The information and forecast on different oceanographic 
parameters, namely waves, tides, currents, SST, and mixed 
layer depth (MLD), are being provided on a daily basis 
under the OSF Advisory; the frequency of dissemination 
generally increases during extreme weather conditions for 
the people who venture into the sea, and also for the near-
seashore people.28 According to the study of Chrispin et al.70, 
a positive correlation was found between awareness/usage of 
PFZ and OSF Advisories and the level of education, where 
the utilization of the PFZ Advisory is negatively correlated 
with the usage types of crafts, namely mechanized and 
motorized crafts, in the state of Tamil Nadu. Furthermore, 
the study revealed that government organizations, such as 
the DOF, are less effective but more sustainable, while NGOs 
are more effective but less sustainable in the case of INCOIS-
derived advisory dissemination at the grassroots level. It was 
concluded that effective public–private participation (PPP) 
is necessary for community participation and the utilization 
of ICT-based tools to further strengthen the dissemination 
processes at the grassroots level.70

5. Impacts of MFAs
According to various studies conducted by different 
agencies,66-68,71,72 it has been noted that the CPUE increased 
due to the use of PFZ and OSF Advisories (Figure 7). In 
addition to enhancing fish catch, PFZ Advisory is useful in 
reducing search time, thereby decreasing fuel consumption, 
making marine fishing more environmentally friendly 

by emitting less carbon dioxide. On the other hand, OSF 
Advisory is very helpful in making the decision to venture 
into the sea and can save the lives and livelihoods of fishers, 
as well as those of coastal communities. Regarding the 
usage of advisories, various socio-technical constraints 
were identified among marine fishers, along with their 
socioeconomic factors, which influenced the dissemination 
and utilization of MFAs in Odisha. It is also noted that 
fishers agreed about the fruitfulness of the advisories if 
these could be used regularly.73,74

5.1. Influence on the fish catch

To investigate the effectiveness of PFZ Advisory in India, 
most studies have focused on two widely used methods: 
CPUE and benefit–cost ratio (BCR). The formula used for 
the CPUE is shown in Equation (1).

CPUE
Total weight of fish catch

Fishing effort
= � (1)

Typically, CPUE is expressed in kg/h, where the total 
weight of fish caught is measured in kg and the fishing 
effort is expressed in hours. High CPUE represents the 
most favorable oceanographic conditions for fishing 
operations.20 Chrispin et al.70 studied the CPUE within the 
PFZ notified area, which is significantly higher than that 
in the non-notified area, saving 50% of fuel and reducing 
search time along the Maharashtra coast. The study 
conducted by Solanki et al.33 concluded that species-wise 
CPUE and seasonal CPUE were also found to be higher in 
the PFZ-notified area compared to the non-notified area 
along the Gujarat coast from 1999 to 2002.

Figure 7. Impacts of PFZ and OSF on marine fisheries for the sustainable fishery to achieve socioeconomic improvement in India. Image created by the author.
Abbreviations: CPUE: Catch per unit effort; OSF: Ocean State Forecast; PFZ: Potential fishing zone.
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On the other hand, BCR compares the total expenditure 
of each trip against the total benefit of each trip, also known 
as cost-benefit analysis.75 To compute the BCR, Nayak 
et al.54 considered the cost toward the forecast generation, 
expenditure toward fishing, and profits from the increased 
catch, summarizing BCR by the total returns against total 
cost (Equation [2]).

BCR
Total returns

Total cost
= � (2)

The feedback received from various studies conducted 

in different regions of India since 2001 to validate the PFZ 
Advisory is presented in Table 2.

To locate pelagic fish in the open sea, the PFZ Advisory 
generated from satellite-derived SST and CC can reduce 
the overall operating costs of fishing.80 This remote sensing 
technique is more suitable for pelagic fish compared to 
demersal fish, as light cannot penetrate deeper water.33,79 
Furthermore, Tummala et al.14 also concluded that the 
success rate of the PFZ Advisory is about 85% for the bottom 
trawling and 95% for the gillnetting, which can be improved 
by incorporating parameters such as MLD and wind. In 

Table 2. Economic improvement in marine fisheries through the use of the Potential Fishing Zone Advisory compared to 
non‑potential fishing zone areas at various spatio‑temporal scales in India

No. Location on the 
Indian coast

Year Crafts and 
gears used

Total catch or yield Status of 
CPUE

Status of net 
profit

Status of 
BCR

References

1 Gujarat 2001 Two‑ to 
three‑fold 
increased

Solanki et al.35

2 Lakshadweep 2002 55 kg increased Three‑fold 
increased

Pillai et al.43

3 Western coast 2003 and 
2005

Trawler and 
gillnet

₹26,887 (trawler) 
and ₹1299 
(gillnet) increased

0.85 (trawler) 
and 0.84 
(gillnet) 
increased

Nayak et al.54 
Dwivedi et al.55

4 East coast 2002–2004 Trawler, 
gillnet, and 
longliner

Increased by 36.50±1.97 
kg/h, 33.82±2.42 kg/h, and 
30.41±3.58 kg/h for gillnetters, 
trawlers, and long liners

Choudhury et al.57

5 Kerala 2006–2008 2671 kg increased 4.3‑fold 
increased

₹54,423 increased Tummala et al.14

6 Gujarat 2010 0.99 tonnes increased 1.3‑fold 
increased

₹99,202 increased Das et al.76

7 Kerala 2003–2011 Nair and Pillai27

8 West Bengal 2008–2011 Increased by 51.47±4.30 kg/h Two‑fold 
increased

4.5 increased Maity et al.75

9 West Bengal 2008–2011 Increased by 17.48 kg/h Two‑fold 
increased

Dutta et al.21

10 East coast 2010–2012 Increased by 4.64 kg/h 2.32‑fold 
increased

Dutta et al.21

11 Tamil Nadu 2007–2011 Increased by 45 to 1070 kg 8.64‑fold 
increased

₹4300 to ₹36,000 
increased

Nammalwar et al.26

12 Andaman and 
Nicobar Islands

2009–2012 Gillnet, 
trawler, and 
longliner

Percentage increased by 
36.50±1.97, 33.82±2.42, and 
30.41±3.58, respectively

George et al.77

13 Goa Increased by 1.06 tonnes/h Six times 
increased

Sreekanth et al.78

14 Mumbai 2014 Increased by 12 kg/h Kamei et al.22

15 Goa Increased by 2405.1 kg/h 2.35‑fold 
increased

1.86 lakhs 
increased

1.69 increased Sreekanth et al.79

16 Gujarat 0.08 increased Nayak et al.16

Abbreviations: BCR: Benefit–cost ratio; CPUE: Catch per unit effort.
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most cases, the trawl operation of PFZ Advisory is more 
beneficial at 50 m depth.70 According to different studies, 
it can be said that the net profit obtained by the fisherfolk 
population, as well as the species diversity, was higher in the 
PFZ region compared to the non-PFZ region.61 Dutta et al.21 
also found that the differences in total catch and profit 
were statistically significant at a 5% level of significance on 
the West Bengal coast. According to the validation of the 
satellite-based PFZ Advisory along the Kerala coast during 
2003–2011, Nair and Pillai27 exhibited that the CPUE and 
net profit earned by the fishing community were higher 
within the PFZ notified area compared to outside the PFZ. 
There was also a positive correlation between PFZ and 
the occurrence of commercially important pelagic fishes. 
However, the abundance of fish decreased when the forecast 
gap increased.

The validation of PFZ Advisory reveals that motorized 
and small mechanized crafts are the primary beneficiaries, 
with a forecast reliability of up to 80%.16 Hossain et al.29 also 
concluded that catch is higher in the PFZ area compared 
to other areas, beneficial for the artisanal, motorized, 
and small mechanized crafts engaged in pelagic fishing. In 
another study conducted by Dutta et al.,21 the total CPUE in 
West Bengal has declined due to the increase in mechanized 
boats and over-exploitation of fish. The INCOIS technical 
report prepared by Kumar et al.38 concluded that PFZ 
Advisory is beneficial for fishing by reducing search time 
and, consequently, reducing fuel consumption. They 
also studied that commercially important fish species are 
abundant in the PFZ area compared to the non-PFZ area. 
Sreekanth et al.78 utilized 304 feedbacks based on 136 PFZ 
Advisories to compute CPUE and net profit along the Goa 
Coast, where the searching time was also reduced by 50% 
due to the usage of PFZ Advisory. The study conducted by 
Nammalwar et al.26 also concluded that the PFZ forecast by 
INCOIS using remotely sensed data was highly useful for 
fishing, as it can enhance the CPUE by minimizing search 
time and thereby saving fuel and human effort, resulting in an 
overall profit for the fisherfolk population.39 It not only saves 
fuel by reducing search time but also makes their livelihood 
more reliable by increasing income and preventing them 
from venturing into the sea in adverse weather conditions as 
a result of the OSF Advisory.24 Masuluri et al.81 found that PFZ 
Advisory is useful and effective to reduce the environmental 
stress by decreasing the carbon dioxide (CO2) emission in the 
open sea; the average CO2 emission reduced by 0.8 tonnes 
in the PFZ region (0.161 tonnes) compared to the non-PFZ 
region (0.959 tonnes) along the Kerala Coast from 2008 to 
2011. Therefore, the comparative study of CPUE drastically 
varied between PFZ and non-PFZ locations. High yielding 
(CPUE) can also boost the economic status of small-scale 
fishing communities. It is crucial to note that the emergence 

of COVID-19 and its associated lockdowns in various phases 
significantly impacted the marine fishery sector in India.82

5.2. Socioeconomic benefits of PFZ and OSF 
Advisories

The socioeconomic status of the fishing population 
depends on assets, such as fishing craft and gear. 
Traditional catamarans (dinghies) represent the poor 
fishers, whereas motorized or mechanized craft holders are 
comparatively rich.83 The fishing gears, including types of 
nets and lines, influence the socioeconomic status of the 
fishing population. The majority of the Indian population 
(65%) relies on the agricultural sector to pursue their 
livelihoods, where the fishery sector is also an important 
component.84 The renewable nature of marine fish in the 
fishery sector plays an important role in the socioeconomic 
development in India for the following factors: increasing 
food security, sharing a significant amount of foreign 
exchange, and generating employment.71 Therefore, the 
Union Government of India focused on the high fish 
productivity to ensure the socioeconomic security of the 
artisanal fishermen by means of the sustainability of the 
marine fisheries. In general, fisheries come under the state 
subject as per Article 246. However, fishing beyond the 
territorial waters is a subject of the central government.10

The National Council of Applied Economic Research 
was appointed by the Ministry of Earth Sciences (MoES) 
in 2010 to conduct a comprehensive study to estimate 
the economic and social benefits due to the weather and 
marine services, such as agro-meteorological advisory 
services, fishery services, tsunami warning services, 
severe weather warning services, and public weather 
forecast services. According to the study of NCAER,66 
where a total of 400 respondents were selected for impact 
assessment of the marine fishery services from five villages 
across four districts (Kalyani, Guntur, Nagapattanam, and 
Puducherry) of corresponding four states (West Bengal, 
Andhra Pradesh, Tamil Nadu, and Puducherry), PFZ and 
OSF, provided by INCOIS were found quite useful among 
the fishing community. Identification of PFZ improves 
the catch size by increasing fish productivity. It also 
reduces fuel consumption by minimizing search times. 
On the other hand, information regarding ocean state 
(OSF) is useful for the fishing population/general public 
in timing departures and arranging shore activities by 
avoiding extreme weather events in coastal zones.66 This 
study also claimed that the adaptation of PFZ Advisory 
for all mechanized, motorized, and traditional crafts can 
contribute up to 2.04% of the national gross domestic 
product (GDP). The total annual net economic benefits due 
to the satellite-based PFZ Advisory were estimated within 
the range of ₹34,000 to ₹50,000 crore based on the export 
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of approximately 21% additional catch due to the usage of 
PFZ Advisory. NCAER66 reported that 90% of fishers in 
the southern coastal region and 64% in the eastern region 
are aware of the usefulness of the ocean state services. In 
2015, another study was conducted by RFIS–NCAER to 
assess the economic benefits, along with the environmental 
and ecological benefits, of INCOIS-derived PFZ and OSF 
Advisories in the coastal villages of seven maritime states 
in India. According to NCAER,71 marine fisheries GDP 
can increase up to 7.8% from the current 3.9% after the 
uniform operationalization of PFZ and OSF Advisories 
across all the coastal regions of the country. Due to the 
usage of PFZ and OSF forecasts, fishers can also obtain an 
additional profit of ₹3000 crore per annum. Identification 
of PFZ also minimizes search time, resulting in a reduction 
in diesel consumption. Saving one liter of diesel can reduce 
2.63 kg of CO2 emissions and ₹36,200 crores per annum 
over a 25-year life. Due to the greater accuracy of PFZ and 
OSF, the fishers can improve their health and spend quality 
time with their family members, as their manual work in 
the crafts will decrease significantly; accuracy in the PFZ 
may also reform a new ecosystem, which can be treated as 
its ecological benefit.71 Furthermore, the study conducted 
by Kundu and Santhanam85 reported that 2.20 lakh tonnes 
of CO2 emission can be reduced due to the usage of PFZ 
Advisories in Odisha.

Apart from NCAER studies, INCOIS also conducted 
several market studies from 2012 to 2013 to assess the 
impacts of PFZ and OSF Advisories on improving the 
lives and livelihoods of the marine fishing communities in 
different parts of the country, especially across the coastal 
villages of Andhra Pradesh, Tamil Nadu, and Puducherry. 
The MSSRF collaboration with INCOIS since 2009 
bridges the gap between scientific know-how and ground-
level do-how in the coastal districts of Tamil Nadu and 
Puducherry, disseminating the PFZ and OSF Advisories 
through VKC and VRC.68 The market study conducted 
by MSSRF68 among 300 individuals from the fisherfolk 
population across six coastal districts of Tamil Nadu and 
Puducherry revealed that 94% of the total fisherfolk utilize 
either PFZ or OSF Advisories through the text messages 
of their mobile phones. The total net income for all the 
fisherfolk has increased by at least ₹1000 to ₹50,000, along 
with the reduction of several issues regarding overfishing 
due to the usage of PFZ Advisory, while oil sardines were the 
most dominant species caught. OSF includes wind speed 
and direction, and wave heights are closely related to the 
effective decision-making of fisherfolk for fishing; a timely 
forecast can prevent economic loss by avoiding natural 
hazards at the ocean. The majority (35%) of the fisherfolk 
agreed that due to the usage of OSF, they can attain net 
economic savings of ₹5000 to ₹20,000.68 According to 

another market study conducted by MSSRF67 among 32 
fishers, including a woman boat owner in the Gilakaladindi 
Village of Krishna District (Andhra Pradesh), reveals that 
the usage of PFZ improved the quality and quantity of 
catch. For instance, the yield of tuna fishing has increased 
from 200–300 kg to 400–500 kg per haul. The number of 
days spent in the ocean was also reduced from 10-15 days 
to 4-5 days, thereby reducing diesel consumption, a major 
economic gain of nearly ₹25,000 per trip. Therefore, the 
income of the boat owners and crew members (drivers and 
laborers) has increased significantly. The study conducted 
by Tummala et al.14 along the Kerala Coast over 2006–2008 
revealed that the search time was reduced by 50% within 
the PFZ region, indicating an annual saving on the diesel 
consumption (6 lakhs for mechanized crafts and 1.80 lakhs 
for motorized crafts). To locate pelagic fishes in the open 
sea, the PFZ Advisory generated from satellite-derived 
SST and CC reduced the overall operating costs of the 
fishing.80 Therefore, it can be concluded that the benefits of 
PFZ-OSF Advisories are useful for time saving (reducing 
the time of the trip), fuel saving (decreasing CO2 emission 
and pollution), as well as increasing catch (more income) 
and producing safety among the fishing population. The 
doctoral research conducted by Kundu86 investigated the 
development and dissemination processes of MFAs in 
detail for Odisha. It was found that the assimilation of 
the MFAs usage was hampered in this state due to various 
socio-technical constraints, as only 30% of the total 
fishers utilized this advisory during the study. However, 
significant environmental and economic benefits were 
achieved through MFAs. It was reported that the emission 
of 2.20 lakh tonnes of CO2 could be reduced per year 
using MFAs, while 45% of daily expenditure for fishing 
can be reduced through its regular utilization, which 
enables climate-resilient fishing in Odisha. A recent study 
by Santhanam et al.87 also revealed that MFAs are crucial 
for reducing emissions to achieve the optimal social cost 
of carbon in India.

It is well-documented that climate change poses 
significant threats to marine fisheries by altering ocean 
temperatures, currents, productivity, and species 
distribution, which in turn undermine the sustainability of 
fish stocks and the livelihoods of coastal communities that 
rely on them. Singh69 reported that SST can be increased over 
the Indian coast by 2.0 to 3.5℃ by 2099 from the current 
level of 0.2 to 0.3℃ (1960 to 2005). Two major concerns 
of the marine fisheries in India are the decline in fish catch 
and the increase in fuel prices.69 Therefore, better fisheries 
management is needed in the near future to maximize the 
utilization of living marine resources, such as fish, through 
a deep understanding of marine ecology. Apart from 
fishery management, such as monitoring the environment 
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and locating fish populations, ocean color is also used to 
monitor harmful algal blooms, as well as to locate coastal 
populations.49 It is evident from the present analysis that the 
utilization of MFAs not only benefits fishers economically 
by increasing their catch but also reduces search time, 
thereby decreasing fuel consumption and resulting in lower 
CO2 emissions to the marine environment. Therefore, this 
adaptive strategy not only enhances economic efficiency 
but also promotes ecosystem-based sustainable fishing 
practices, thereby strengthening the resilience of fisheries 
and fishing communities to climate variability and long-
term climate change.

6. Global overview of the Marine Fishery 
Advisory
The nature of MoES’s advisories related to PFZ and OSF 
is a public good in the Indian context. The PFZ and OSF 
Advisories are disseminated to all the coastal fishing 
community freely (non-excludable), and the utilization of 
these advisories by a fisherman cannot affect the others 
(non-rival), as anybody can venture into the sea to fish 
in the PFZ areas.88 On the other hand, the marine fishery 
resources are treated as a common public property, which 
is non-excludable but not non-rival.88 The common 
property problems caused by a lack of property rights in 
the fisheries resources create problems such as economic 
inefficiency. In this context, the individual transferable 
quotas (ITQs) can be adopted to establish property rights 
in the fishery sector, thereby minimizing the economic 
inefficiencies. Despite the dynamic nature of the fishery, 
ITQ can bring sustainable economic benefits, leading to 
an increase in economic efficiency. This is implemented 
in Iceland along with the Netherlands, New Zealand, 
and Australia.89 Community-based coastal resource 
management systems can also be treated as an active social 
process by involving resource users—the local fishers and 
communities—as partnership management in the resource 
management.90 According to the international experience, 
fisheries co-management, a decentralized system of marine 
resource management where user participation is involved, 
needs momentum to get its solid motion; however, 
decentralization does not necessarily mean participatory 
management or co-management always.91 The community 
participation and ownership collaboration with the 
municipal government play a creative role in the usage of 
a financial mechanism for a long-term, self-supporting 
marine protected area in the Philippines.92 For instance, in 
the San Salvador Island, Philippines, the community and 
local government contrasted with the National Marine 
Park based on the Marine Protected Area to pursue better 
management under the National Integrated Protected Areas. 
Pinkerton93 examined the potential of the community-

based self-management and government-community 
co-management to clarify the biological, economic, and 
political problems regarding the salmon fishery in British 
Columbia and Canada. According to Pomeroy,94 three key 
elements were identified to understand the achievements of 
locally based regimes: logistical, cost-sharing, and power-
sharing elements. Logistical arrangements included clear 
boundaries, membership criteria, interception agreements, 
and management-unit sizes appropriate to the abundance of 
the natural and human resources; cost-sharing arrangements 
include local cost recovery and local volunteerism; and 
power-sharing arrangements include checks and balances 
between local multiparty boards, a provincial board, and the 
Department of Fisheries and Oceans. The primary goal of 
the co-management program is to mobilize and strengthen 
public participation in government, as well as to ensure the 
equal distribution of resources and powers among local-level 
people and communities.94 In fishery practices, cooperation 
and participation of fishers are needed to develop laws 
and regulations for the fishing population.90 To minimize 
the resource management problems related to resource 
deterioration (Philippines and the Tanzanian marine), 
conflicts between stakeholders (e.g., Norway’s Lofoten cod 
fishery and Philippines coastal fisheries), conflicts between 
management agencies and local fishers (e.g., Canada’s 
Atlantic coast fishery), and governance problems in general 
(e.g., Philippines, United States Fishery), the fisheries 
co-management had been adopted globally.94

After World War II, world fisheries had been increasing 
steadily. In developing countries, fish have been treated as 
the primary source of animal protein, as they consume 70% 
of the total fish landings. Despite the Third United Nations 
Conference on the Law of the Sea, the fishing pattern 
has not changed significantly. However, the developing 
countries produced the largest catch, accounting for nearly 
80% of the total world catch.95 The estimations of several 
hydrological factors, such as the upwelling zone, along with 
high primary productivities that attract fish shoals for their 
food, are needed to assess marine fish.17,96 Mansor et  al.97 
realized that it is urgent to develop a model suitable for the 
PFZ determination in tropical water to meet the sustainable 
harvest of the fisheries resources. Based on the satellite-
derived SST and CC, a fishery forecasting model, the 
Tropical Fish Forecasting System, was developed to provide 
PFZ Advisory to end-users in the South China Sea. Klemas17 
reported that SST (NOAA–AVHRR), CC (SeaWiFS/
SeaStar), along with SSHa (Ocean Topography Experiment/
Poseidon) and wind velocity (Scatterometer/European 
Remote Sensing Satellite-1 and  -2) were helpful to trace 
out the abundance of yellowfin tuna in the tropical Atlantic 
region. Apart from this, commonly used acoustic sensing 
methods, such as echo-sounders (used for deep fishing) and 
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side-scan sonars (used for near-surface fishing), can provide 
high-resolution data on fish distribution and abundance from 
the trawler itself. The Ocean Acoustic Waveguide Remote 
Sensing method is also a useful technique for continuously 
monitoring fish population behaviors, dynamics, and 
abundance on the continental shelf. In the case of airborne 
remote sensing, the spatial resolution/coverage, along with a 
cloud-free environment, low altitude (tidal) conditions can 
be chosen easily. Therefore, airborne Lidar can overcome 
the limitations of passive remote sensing, while side-looking 
airborne radar can track fish shoals by accumulating small-
scale waves (2–20  cm) resulting from fish swimming 
activity. Active microwave devices, such as radar altimeters, 
scatterometers, and synthetic aperture radar, are being used 
to detect physical ocean features. Despite limited spatial 
resolution (effective only for open seas) and inability to 
penetrate cloud cover (due to its polar orbit), the Moderate 
Resolution Imaging Spectroradiometer is attractive as it can 
produce both CC and SST.17 Pillai and Nair39 also mentioned 
that satellite-derived SST and CC are ideal for providing 
high receptivity and large spatial coverage for monitoring 
the ocean. Dimech et al.98 reported a negative correlation 
between the perception of fishers over the Malta fishing zone 
and the fishing activity. The fishing zone was not beneficial 
for commercial fishers, whereas recreational fishers were the 
main beneficiaries. They also found that the differences in 
individual incomes among the fishing population lead to 
attitudinal differences, which enhance the resources, as well 
as the conflicts among user groups.

In the case of India, the fisheries sector needs a proper 
management system for food security, similar to the White 
Revolution, in the near future.99 Currently, the annual 
average fish production by Indian fish farmers is 2 tonnes 
per person, whereas it is 172 tonnes per person in Norway. 
To increase the standard of living of the Indian fishing 
community, it is necessary to increase productivity and 
export marine fish at a higher intensity. In this context, the 
transfer of knowledge from the developed country is also 
very important for sustainable fishing.80 It is also needed 
to raise awareness among the fishing community to stop 
illegal fishing, for example, through the use of double-fold 
nets.47 The Central Marine Fisheries Research Institute 
had proposed to ban fishing during the breeding season, 
prohibit gears with a 30  mm mesh size, and restrict the 
export grade to 1400 Nos./kg and above by the fishers in 
the context of overexploitation.13

7. MFAs and sustainable fisheries
Hinds95 projected that fisheries may be a major contributor 
to food security in the future by improving management 
strategies. There is an urgent need for collaboration among 
fisheries, industry, and remote sensing scientists to improve 

forecasting models and develop suitable management 
strategies.17 In this context, SDG 14 provides the development 
targets with respect to marine resources management, 
which can be enhanced using PFZ and OSF Advisories, 
specifically in relation to regulating pelagic overfishing, 
conservation of marine fisheries, implementation of 
subsidies, and regulating the socio-economics.100 It is noted 
that fishing utilizing the scientific MFAs is economically 
beneficial and environmentally sustainable due to higher 
fish catch in a shorter duration. The adopted 17 SDGs with 
169 targets and 230 indicators under the “Agenda 2030” by 
the United  Nations, SDG 14—Conserve and sustainably 
use the oceans, seas and marine resources for sustainable 
development—is one of these goals where FAO is the 
custodian agency. Apart from SDG 14 (Life Below Water), 
small-scale fisheries (SSF) can be related to SDG 1 (No 
Poverty), SDG 2 (Zero Hunger), SDG 5 (Gender Equality), 
SDG 12 (Responsible Consumption and Production), SDG 
13 (Climate Action), and SDG 16 (Peace, Justice and Strong 
Institutions). According to the workshop proceedings, 
edited by Franz, FAO,101 SSFs (including fishery resources, 
land, and market) are facing a wide number of challenges 
regarding lack of infrastructure, overfishing by big 
trawlers, pollution, habitat degradation, insufficient market 
information, post-harvest losses, weak organizations, and 
lack of access to financial services. Therefore, it is crucial 
to develop a reasonable, legal, and regulatory framework 
to achieve SDG 14, especially SDG14.b (Life Below Water). 
To serve this purpose, three variables: existing regulators, 
ongoing guidelines, and the existence mechanism in the 
field of SSFs have been prepared based on the FAO Code of 
Conduct for Responsible Fisheries. To serve this purpose, 
questionnaires can be prepared against these variables 
utilizing reliable methods at the national level to collect 
the information, which should include a multi-stakeholder, 
multi-disciplinary, and participatory approach based on 
a bottom-up approach. In this connection, a capacity-
building program among the fisherfolk population may 
contribute to ensuring a robust reporting process. Based 
on the discussion made in this workshop, it is necessary 
to develop ICTs for disseminating the required methods 
through workshops, media campaigns, training, and social 
media to the target groups. It is also urgent to develop a 
database to evaluate the status of SSFs in developing nations, 
such as India, where exchanges of thoughts can take place 
at various levels among countries. Finally, participation of 
SSF organizations in various decision-making processes by 
following the SSF Guidelines may be useful in achieving 
the SDG 14 goal.101 Therefore, fish production may become 
a useful tool against malnutrition to improve the socio-
economics of the fishing community by playing an effective 
role in the co-management of fisheries.10
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The major problem with remotely sensed data in 
the PFZ forecast is the time lag between SST and Chl 
observations.22 Microwave radiometers are a better choice 
for measuring temperature than IR, as they can penetrate 
clouds.15,80 Due to the limitation in temporal resolution of 
polar-orbiting satellites, INCOIS explored the possibility 
of utilizing SST data from Indian geostationary satellites 
INSAT-3D and INSAT-3DR.28 INCOIS also tried to 
incorporate PPP in the process of PFZ identification for the 
ecosystem-based fishery advisory. For the continuation of 
Hilsa Shad Advisory, INCOIS initiated the establishment 
of a coastal laboratory facility at Digha in association with 
the West Bengal Fisheries Department.65 INCOIS also 
planned for wind monitoring (from QuikSCAT), species-
specific advisory, and location-based advisory.16 Future 
development in the fishing operation will rely on the 
combined usage of visible, infrared, and microwave sensors, 
as well as the availability of satellite technology to everyone 
connected to this activity, including fishing personnel, fish-
allied industrialists, and fishery scientists.15 In this way, it is 
possible to overcome the limitations in the field of fishery 
advisories, including the lack of support for demersal 
fishing and the unavailability of satellite data during cloudy 
seasons. To reduce drawbacks, such as the lack of sufficient 
knowledge to understand and recognize the PFZ area and 
the lack of interest in upgrading mechanized crafts, the 
fishing communities need to follow a cooperative approach 
within their society.48 In this context, INCOIS is also 
involved in conducting various awareness programs among 
the fish farmers across the country with the help of different 
NGOs, such as MSSRF. The species-specific advisories 
related to tuna are already operationalized by the INCOIS.

Therefore, it is understood that MFAs are useful 
for sustainable fishing practices in India. However, the 
assimilation of the advisories was hampered, which can 
be mitigated by improving the dissemination networks, 
as well as adopting an active remote sensing technique to 
provide MFAs seamlessly even in cases of adverse weather 
conditions. In short, MFAs increase resource dependability 
by improving catch efficiency, ensuring safety, reducing 
costs, and supporting sustainable resource use, collectively 
making marine fisheries a more reliable source of livelihood 
and food security.

8. Conclusion
The MFAs, developed and disseminated by ESSO-INCOIS 
under the MoES, the Government of India, play a vital role 
in the country’s socioeconomic development related to 
the marine fishery sector through promoting sustainable 
fishing practices. Based on cloud-free satellite data, SST 
and CC are used to extract PFZ lines as fish shoals are 
found in suitable marine environments, such as those 

with relatively low SST and high CC. Several studies 
provided quantitative analysis regarding the benefits of 
fish catch from the usage of advisories, which is almost 
two to three times higher than fishing in non-PFZ areas 
in India. Advisories were also useful in decreasing carbon 
emissions due to reduced search time. Climate-resilient, 
sustainable fishing in attaining several targets of SDGs is 
achievable through the MFAs, as their use is economically 
beneficial for fishers and environmentally sustainable for 
the marine ecosystem. However, fishers reported that 
the PFZ Advisories they received were located far away 
from their traditional grounds, and the requirement for 
species-specific advisories was also noted. In addition, 
awareness programs associated with the reception and 
utilization of the advisories were identified as crucial 
for the fishers to use them. This would also help fishers 
to comply with regulatory guidelines related to illegal 
fishing or the use of inappropriate mesh sizes. On the 
other hand, PFZ Advisories are still not feasible during 
adverse weather conditions, which affect the continuity 
of receiving the same. In addition, the time lag between 
the dissemination of the advisory to the end-user and the 
fishing activity needs to be reduced for the effective use of 
MFAs. Advanced remote sensing techniques and fisheries 
co-management can play a vital role in reducing these 
drawbacks in the field of marine fisheries. This detailed 
review of the emergence of MFAs and their significance 
in sustainable fishing practices in the context of India may 
be useful for the marine research community in providing 
seamless next-generation advisories.

Under these circumstances, specific recommendations 
can be delivered as follows:
•	 Improving the transformational spaces for MFA 

deliveries by fostering participatory co-design, 
multichannel communication, localized content, 
and continuous feedback loops that enhance 
trust, accessibility, and adaptive use among fishing 
communities.

•	 Improving the focus or emphasis on transitioning 
to sustainable use of technologies for ensuring 
sustainable fishery development.

•	 Contextualization of specific SDG14 goals to specific 
tasks in MFA creation and delivery.

Furthermore, it is advisable to use the MFAs wherever 
feasible regularly, especially for mechanized crafts, as they 
can venture into the deep sea, unlike small motorized or 
non-motorized crafts for fishing, where PFZ Advisories 
are demarcated. Hence, this review is crucial to formulate 
required developmental plans for the marine fishing 
community so that fishers can receive and utilize PFZ and 
OSF Advisories seamlessly.
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Abstract
Artificial intelligence (AI) and the concept of Tourism 4.0 have transformative potential 
in advancing sustainable tourism, particularly in addressing environmental and 
governance challenges. This systematic literature review, conducted in accordance 
with the Preferred Reporting Items for Systematic Reviews and Meta-analyses 2020 
guidelines, compiles peer-reviewed studies from 2015 to 2023 to evaluate AI’s role 
within Tourism 4.0 in promoting sustainability. The analysis focuses on two domains: 
Environmental impacts, such as energy efficiency, resource conservation, and low-
carbon tourism strategies, and governance impacts, including transparent certification, 
accountable digital platforms, and data-driven policy innovation. While AI and related 
smart systems demonstrate positive outcomes, critical issues, such as cost barriers, 
data privacy concerns, and limited long-term evaluation, remain underexplored. The 
review also highlights research gaps, including the scarcity of integrated frameworks 
and longitudinal studies. Building on these findings, recommendations for Malaysia 
emphasize strengthening smart infrastructure, piloting blockchain-based transparency 
systems, enhancing institutional coordination, and embedding energy-efficient AI 
solutions into governance frameworks. By situating Malaysia at a mid-evolution stage 
of digital tourism, the study offers practical insights into how AI and Tourism 4.0 can 
support environmentally sustainable and ethically governed tourism futures.

Keywords: Tourism 4.0; Sustainable tourism; Artificial intelligence; Digital transformation; 
Environmental governance; Industry 4.0 technologies

1. Introduction
During the Fourth Industrial Revolution, the tourism industry has experienced a 
significant transformation with the advent of Tourism 4.0. Characterized by the 
integration of the latest digital technologies, such as artificial intelligence (AI), the 
Internet of Things (IoT), big data analytics, virtual reality (VR), and blockchain, Industry 
4.0 is revolutionizing traditional paradigms in most sectors, including tourism.1 This 
development has given rise to the concept of Tourism 4.0, which seeks to utilize these 
innovations to enhance tourist experiences, optimize operational efficiencies, and 
advance sustainable practices in the tourism sector.2
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Tourism 4.0 is not merely the adoption of technology 
but a holistic concept that integrates stakeholders from 
tourists and service providers to governments and local 
communities into a collaborative system.3,4 With the 
utilization of real-time data and smart systems, destinations 
can offer personalized experiences, manage their resources 
more effectively, and mitigate the adverse impacts of mass 
tourism. For instance, IoT devices can monitor tourist 
flows to prevent overcrowding, and AI-driven platforms 
can provide personalized recommendations, both of which 
can enhance visitor satisfaction and promote equitable 
distribution of tourism benefits.4

Sustainable development, as framed by the 
United Nations’ Sustainable Development Goals, provides 
a wider context for understanding the role of digital 
technologies in tourism.5 New Industry 4.0 technologies, 
such as AI, IoT, blockchain, and augmented reality 
(AR)/VR, affect the functioning of tourism enterprises 
by reshaping energy management, transparency, and 
customer engagement in ways that align with sustainability 
principles. For example, AI and IoT enable resource 
efficiency and lower emissions; blockchain provides 
transparent supply chains and certification systems; and 
AR/VR offer low-impact tourism alternatives.6 These 
technologies demonstrate how Industry 4.0 is not only 
a driver of competitiveness but also a key facilitator of 
sustainable development. Tourism enterprises increasingly 
embed these tools into their operations by linking digital 
transformation with ecological conservation, community 
empowerment, and responsible governance practices.6

Sustainability has become a central principle in 
contemporary tourism development, especially against the 
backdrop of phenomena such as climate change, resource 
depletion, and sociocultural disruption. Tourism 4.0 offers 
promising solutions to these challenges by facilitating data-
driven decision-making, promoting sustainable consumption, 
and enhancing community engagement.7 Recent reviews also 
highlight that AI is increasingly integrated into sustainability 
reporting frameworks across industries, supporting 
transparency, accountability, and responsible governance. This 
broader trend underscores the relevance of AI applications in 
tourism governance.7,8 However, the application of Industry 
4.0 technologies to tourism practices also creates challenges 
such as data privacy issues, digital divides, and the need for 
significant infrastructural investments.

This review is relevant because it clarifies how Industry 
4.0 technologies contribute to sustainability in tourism at 
a time when destinations face urgent pressures to recover 
from the pandemic without reverting to unsustainable 
mass-tourism models. It contributes to the research area by 
providing one of the first systematic reviews that explicitly 

frames AI within the Tourism 4.0 paradigm, linking 
environmental and governance outcomes to the broader 
discourse on sustainable development.

While growing attention has been given to Tourism 4.0, 
in-depth studies examining the intersection of Industry 
4.0 technologies and sustainable tourism development in 
a systematic manner remain limited. Literature is often 
focused on either specific technological applications or 
individual case studies without offering an integrating 
framework that outlines the grand implications of this 
digital revolution.9 This lack undermines the need for 
a systematic literature review that consolidates current 
knowledge, explains prevailing trends, and identifies areas 
warranting further research and governance.

This systematic review aims to:
(i)	 Present a systematic literature review of the application 

of Industry 4.0 technologies in the tourism sector.
(ii)	 Analyze the potential of these technologies to enable 

sustainable tourism.
(iii)	Identify challenges and opportunities for the 

implementation of Tourism 4.0 initiatives.
(iv)	 Propose an agenda for future research in this 

multidisciplinary field.

By achieving these objectives, this study can provide 
a general overview of how Industry 4.0 technologies 
are revolutionizing the tourism industry, particularly 
in relation to sustainability. The results may benefit 
researchers, practitioners, and policymakers seeking to 
address digital transformation challenges in tourism.

2. Methodology
This systematic literature review was conducted in 
accordance with the Preferred Reporting Items for 
Systematic Reviews and Meta-analyses (PRISMA) 
2020 guidelines by Page et al.10 that were built on the 
original PRISMA principles proposed by Moher et  al.11 
A prespecified review protocol outlined the search 
strategy, inclusion and exclusion criteria, data-extraction 
procedures, and synthesis steps.

2.1. Data sources

Systematic searches were performed in electronic 
databases (i.e., Scopus, Web of Science, ScienceDirect) 
and Google Scholar for articles published between 2015 
and 2023 (including early 2024 where available). Reference 
lists identified during the review process were also 
screened to supplement the database search. The search 
strings combined terms related to sustainable tourism and 
Industry 4.0 technologies (e.g., “sustainable tourism” AND 
“Industry 4.0” OR “AI” OR “IoT” OR “blockchain” OR “big 
data” OR “virtual reality”).
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Google Scholar was used only to capture additional 
references and gray literature. To reduce bias, only the first 
10 pages of Google Scholar results were reviewed, whereas 
Scopus, Web of Science, and ScienceDirect served as the 
primary indexed sources.

2.2. Inclusion and exclusion criteria

This research considered conference papers and peer-
reviewed journal articles that explicitly mentioned the 
use of one or more Industry 4.0 technologies to improve 
or investigate sustainable tourism outcomes. The 
research could be empirical or conceptual, but needed 
to address tourism sustainability (environmental, 
social/cultural, or economic). Only studies written in 
the English language were considered. We excluded 
studies that did not focus on tourism or sustainability 
(e.g., pure tech development papers without a tourism 
context), did not address the said technologies, and were 
unavailable in full text. To ensure recency and relevance, 
preference was given to research in the recent decade 
with a global scope.

2.2.1. Screening and selection

After database searches, all records were merged and 
duplicates removed. Titles and abstracts of unique records 
were screened for inclusion criteria, and full-text screening 
was performed for eligible papers. Two independent 
reviewers conducted screening, with disagreements 
resolved through consensus. Figure 1 shows the PRISMA 
flow diagram of study selection.

The search identified 520 records from database 
searches and additional sources. After duplicate removal 
(n = 100), 420 unique records were screened, of which 350 
were excluded for irrelevance. Full-text articles (n  =  70) 
were assessed for eligibility, and 20 studies met all inclusion 
criteria.

2.2.2. Data extraction and synthesis

Study information, such as author/year, target technology, 
study context/methods, and key findings relating to 
sustainable tourism, was mapped using a data extraction 
form. We then performed qualitative thematic synthesis. 
Initial coding of findings within each study was performed 
to identify emerging themes or outcome domains. 
Codes were iteratively refined and grouped into more 
encompassing thematic categories that reflect how 
Industry 4.0 technologies enable sustainable tourism. 
Coding and theme development were checked for 
consistency by a second reviewer. Study characteristics 
(Table 1) and thematic findings (Table 2) were tabulated. 
Finally, we considered overall trends, key findings, 

research gaps, and future research directions. Evidence 
strength was considered when making recommendations, 
with the Malaysian tourism context taken into account for 
applicability.

3. Results and discussion
Data extraction and study details are summarized in 
Table 2, which presents the 20 reviewed studies by author, 
year, leading Industry 4.0 innovation, study approach, and 
principal findings pertinent to sustainable tourism.

3.1. Contextual thematic synthesis of findings

The selected studies demonstrate a global coverage, with 
studies being undertaken in China, Malaysia, Europe, 
the Middle East, and multi-country settings. Empirical 
research and conceptual studies were represented, from 
small-scale case studies in hotels and heritage areas 
to large-scale systematic reviews. Although various 
technologies were represented, such as IoT, blockchain-
based technologies, and AR/VR (for VR experiences), AI 

Figure  1. Preferred Reporting Items for Systematic Reviews and 
Meta-analyses (PRISMA) 2020 flow diagram
Source: Created by Authors through PRISMA Synthesis.
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Table 1. Systematic literature review method used

Step Description

Design Systematic literature review following PRISMA 2020 with predefined protocol

Data sources Scopus, Web of Science, ScienceDirect, Google Scholar (2015–2023), plus manual search

Search strategy Search terms: “sustainable tourism” AND (“Industry 4.0,” “AI,” “IoT,” “blockchain,” “big data,” “VR”)

Inclusion criteria Peer‑reviewed articles in English focusing on Industry 4.0 and sustainability in tourism

Exclusion criteria Excluded: Non‑tourism, non‑sustainability, non‑English, or tech‑only without tourism context

Screening process Title/abstract screening, followed by full‑text review; two independent reviewers with consensus

Abbreviations: AI: Artificial intelligence; IoT: Internet of Things; PRISMA: Preferred Reporting Items for Systematic Reviews and Meta‑analyses; 
VR: Virtual reality.

Table 2. Summary of key outcomes for sustainable tourism

Study 
(author, year)

Tech focus Type of study Key outcomes for sustainable tourism

Majid et al. 
(2023)12

AI (intelligent 
automation)

Systematic review 
(213 papers)

Identified five major application themes of AI for sustainability: enhancing tourist 
experience, preserving heritage, improving quality of life, measuring experiences, 
and conserving the environment. Found more focus on economic and sociocultural 
aspects than environmental, indicating a gap in AI addressing environmental 
sustainability. Proposed an “AI4GoodTourism” framework to guide future AI 
innovations for sustainability.

Rahmadian 
et al. (2022)13

Big data analytics Systematic review 
(131 papers)

Big data applications in sustainable tourism have emerged since 2016. Big data are 
used for behavior prediction (e.g., tourist flows) and to support decision‑making 
and policymaking for sustainability. Demonstrated how integrating big data with AI 
and IoT enables smart tourism services in smart cities. Highlighted challenges: Data 
quality, privacy, cost, and need for cross‑sector data sharing.

Kannan 
(2024)14

AI Comprehensive review Reviewed AI integration in tourism operations and customer experience. Concluded 
that AI‑driven personalization and automation improve tourist satisfaction and 
operational efficiency, while also offering future opportunities for smarter, more 
sustainable tourism services.

Rane et al. 
(2023)15

AI, blockchain, IoT, 
AR/VR

Conceptual review 
(multitech)

Explored all five techs as solutions to tourism’s sustainability challenges 
(environmental degradation, cultural disruption, and socioeconomic imbalances). 
Found that: AI enables optimized resource allocation, personalized experiences, 
and data‑driven sustainability strategies; Blockchain creates transparent, traceable 
supply chains for equitable economic benefits and lower environmental impact; IoT 
supports real‑time environmental monitoring and adaptive conservation measures; 
AR enriches cultural heritage interpretation, deepening tourist understanding; 
VR provides virtual experiences that reduce the need for physical travel, cutting 
carbon footprints. Overall, a technology‑driven approach can significantly enhance 
environmental, social, and economic sustainability in tourism.

Kontogianni 
et al. (2024)16

AI and blockchain Book chapter 
(Springer)

Discussed smart tourism through AI and blockchain integration. Emphasized AI’s 
role in customer‑facing smart tourism (chatbots, personalization) and blockchain’s 
role in secure data management and trust in tourism transactions. Suggested that 
combining these technologies can improve tourist experience and accountability 
(e.g., verifying sustainable practices), though empirical validation was noted as a 
future need.

Treiblmaier 
(2022)17

Blockchain Handbook chapter 
(review)

Provided an overview of blockchain applications in tourism (payments, inventory, 
and loyalty). Highlighted how blockchain can disintermediate travel services and 
reduce costs and fraud. Emphasized improved transparency and efficiency in tourism 
operations via smart contracts and decentralized ledgers.

Rashideh 
(2020)18

Blockchain Conceptual framework Developed a blockchain framework for tourism. Identified potential benefits: 
Enhanced security for transactions, reduced operational and commission costs, and 
greater transparency across stakeholders. Envisioned blockchain for secure identity 
management (e.g., digital passports, seamless check‑ins) and use of cryptocurrency 
for peer‑to‑peer payments to build trust in platforms.

(Cont’d...)
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Table 2. (Continued)

Study 
(author, year)

Tech focus Type of study Key outcomes for sustainable tourism

Li and Jiang 
(2023)19

AR Empirical study 
(China, survey)

Investigated tourist acceptance of AR for creating memorable experiences. Using 
the Technology Acceptance Model, found that the perceived usefulness of AR 
enhancements at attractions leads to higher acceptance. Implies AR can increase 
tourist engagement and satisfaction, potentially encouraging sustainable behaviors if 
AR content emphasizes conservation.

Polukhina 
et al. (2025)20

VR, digital platforms Case studies (Russia, 
transition economy)

Examined digital solutions for sustainable tourism development. Found that VR 
experiences can substitute physical travel, reducing travel‑related emissions and 
pollution. Also noted that VR and digital platforms raise environmental awareness 
among tourists by showcasing conservation content. It is concluded that smart 
tourism tools contribute to sustainability in emerging destinations but require 
supportive infrastructure.

Zhuang et al. 
(2022)21

Mobile apps, VR Quantitative analysis 
(China, FDI, and 
tourism)

Analyzed the impact of technology innovation on tourism and the environment. 
Reported that digital platforms (mobile apps) can foster tourist engagement in 
sustainable practices (e.g., apps informing tourists about responsible behaviors). In 
addition, noted that VR can mitigate environmental pressure by offering virtual visits, 
thereby lowering carbon emissions from tourism.

Farid and 
Rashid 
(2024)22

IoT Conceptual paper 
(smart destinations)

Discussed IoT‑enabled “smart destinations.” illustrated how IoT devices in hotels 
and tourist sites lead to personalized services (smart rooms, automated check‑in) 
and efficient operations. Highlighted IoT‑driven energy management and predictive 
maintenance in hotels (e.g., sensor‑based energy savings at Crowne Plaza) to reduce 
resource waste. It is concluded that IoT improves visitor satisfaction and reduces the 
environmental footprint of hospitality operations.

Eskerod et al. 
(2019)23

IoT (smart hotels) Multicase study (five 
high‑end hotels)

Explored drivers for IoT adoption to enhance sustainability in luxury hotels. Found 
that pressure to reduce hotels’ significant carbon footprint and to cut energy costs 
were key motivators. IoT‑based smart management systems (integrating HVAC, 
lighting, etc.) enabled guests to control room settings via one interface while 
optimizing energy use. Identified management support and brand image (green 
reputation) as additional drivers for implementing IoT innovations.

Yang et al. 
(2021)24

Blockchain Case analysis (heritage 
tourism)

Demonstrated blockchain’s utility in cultural heritage preservation. By recording and 
tracking community heritage assets on a tamper‑proof ledger, blockchain enhances 
transparency in managing these resources. This transparency helps ensure that 
tourism activities around heritage sites remain accountable and sustainable. Authors 
suggest that such blockchain‑based tracking can support community trust and 
long‑term cultural sustainability in tourism.

Rodrigues 
et al. (2024)25

Multitech (Industry 
4.0)

Systematic review 
(Heliyon)

Assessed digital transformation in tourism via Industry 4.0. Noted that although many 
studies examine individual technologies, there is a lack of integrated perspectives on 
their collective impact on transformative sustainable tourism. This indicates a research 
gap in understanding synergies among AI, IoT, blockchain, etc., Authors call for 
holistic approaches and more empirical cases of multiple tech adoption.

Capucho et al. 
(2025)26

Bibliometrix software 
for bibliometric 
mapping

Systematic review and 
bibliometric analysis of 
223 selected papers

It identified three thematic clusters: (i) Sustainable tourism, (ii) tourism, (iii) 
well‑being, and proposed a new taxonomy for sustainable tourism that integrates 
well‑being and sustainable development, enhancing conceptual clarity and supporting 
balanced tourism planning.

Luu et al. 
(2025)27

Digitalization in 
tourism supply chains 
under Industry 4.0

Bibliometric review 
of literature on 
digitalization in 
tourism supply chains

Identified research clusters showing a shift from supply chain efficiency to 
innovation‑driven sustainability; highlighted how Industry 4.0 tools can optimize 
resource use and improve environmental performance in tourism logistics.

Bekele and 
Raj (2025)28

Digital transformation 
in the tourism 
industry

Bibliometric review 
and research agenda 
setting

Mapped four primary research clusters linking digital transformation to tourism 
growth; stressed the need for sustainable integration of digital tools to enhance 
resilience and competitiveness of the tourism sector.

Astanakulov 
et al. (2025)29

IoT for smart tourism Thematic analysis of 
IoT innovations in 
tourism

Found that IoT can significantly improve tourist experience, resource management, 
and sustainability monitoring; proposed frameworks for integrating IoT into Tourism 
4.0 strategies.

(Cont’d...)
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and data analytics were the most frequently highlighted 
tools.32

Scientific interest in this area has increased significantly 
over the past 5–6  years due to the intersection between 
digitalization and sustainability agendas. In a qualitative 
review, several recurring themes emerged regarding how 
Industry 4.0 technologies facilitate sustainable tourism. 
These are shown in Table 3 with representative examples 
from the literature.

3.1.1. Thematic insights

Industry 4.0 technologies are contributing to the three 
pillars of sustainable tourism. Environmentally, AI, IoT, and 
VR technologies reduce energy and resource consumption, 
lower emissions, and facilitate the preservation of natural 
and cultural heritage sites. AI-based energy management 
platforms minimize hotel electricity usage, IoT products 
offer real-time environmental monitoring, and VR enables 
low-impact exploration of sensitive locations, thereby 
reducing ecological pressure.33

In sociocultural terms, AR/VR has been effective in 
tourism education and awareness, facilitating deeper 
cultural appreciation and learning for sustainability. 
Blockchain-based transparency systems help empower 
stakeholders by revealing how tourism benefits are 
distributed, thereby enhancing perceptions of fairness.

Economically, AI and automation increase efficiency 
and reduce costs, presenting a sound business case for 
investment. Technologies, such as VR-based tourist 
products and intelligent tourism apps, create new 
sources of revenue and attract niche markets. Blockchain 
removes intermediaries, raising returns for suppliers and 
reducing costs for consumers. As reported in Malaysia, 
AR/VR tourism pilots demonstrate how new products 
can simultaneously increase competitiveness and instill 
sustainability, as shown in Figure 2.

Synthesizing these findings indicates that Industry 4.0 
technologies are not an end in themselves; rather, they 
serve as facilitators of sustainable tourism outcomes. AI 

and big data enable predictive outcomes to maximize 
resources and minimize risks of overcrowding. IoT enables 
intelligent destinations for achieving energy and water 
efficiency. Blockchain enables accountability and eco-
certification. AR/VR optimizes experience while providing 
alternatives to physical travel.33 All these technologies, 
together, balance economic recovery with sustainability in 
post-pandemic tourism environments.

3.2. Environmental impacts of AI in tourism 4.0

Environmental consequences are the most well-
documented in the literature examined. AI-powered hotel 
energy systems are said to minimize electricity usage by 
up to 20%, whereas IoT-powered conservation initiatives 
enable real-time monitoring of ecosystems. Digital 
tourism and virtual tours reduce travel intensity, resulting 
in quantifiable carbon savings.

However, the evidence is not entirely positive. Several 
studies32,33 reported that small-  and medium-sized 
enterprises (SMEs) incurred significant upfront costs 
that limited adoption. Others were alert to rebound 
effects, whereby efficiency savings lead to greater demand, 
thereby counteracting environmental gains. Rodrigues 
et al.25 provided a comprehensive review of Industry 4.0 
implications for tourism, noting that while technological 
adoption is widespread, integrated frameworks linking 
multiple technologies to sustainability outcomes remain 
underdeveloped.34

In addition, most evaluations rely on short-term pilot 
studies; there is insufficient longitudinal data to determine 
if environmental gains are sustained at scale. This implies 
that AI is an enabler of environmental sustainability but is 
contingent upon governance structures, affordability, and 
regular monitoring.

3.3. Governance impacts of AI in Tourism 4.0

AI also assists in enhancing tourism governance. Research 
indicates that AI-based dashboards and data platforms 
increase transparency through real-time monitoring of 
visitor movement, energy consumption, and emissions. 

Table 2. (Continued)

Study 
(author, year)

Tech focus Type of study Key outcomes for sustainable tourism

Duarte Alonso 
et al. (2025)30

Industry 4.0 adoption 
in hospitality

Case study of 
Vietnamese hospitality 
organizations

It identified 11 dimensions of Industry 4.0 application in hospitality, with benefits 
including improved energy efficiency, reduced waste, and enhanced service 
customization to support sustainable tourism models.

Sjukriana et al. 
(2025)31

Event technology 
in hospitality and 
tourism

Systematic review Found that technology adoption in events is driven by perceived ease of use and 
usefulness; emphasized the potential to reduce environmental impact through virtual 
and hybrid event formats, contributing to sustainability goals.

Abbreviations: AI: Artificial intelligence; AR: Augmented reality; HVAC: Heating, ventilation, and air conditioning; IoT: Internet of Things; VR: Virtual reality.
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Table 3. Thematic synthesis of findings

Thematic 
category

Role of Industry 4.0 tech in sustainable tourism Illustrative evidence

1. �Resource 
efficiency and 
environmental 
conservation

Technologies drive more efficient use of resources and the reduction of 
tourism’s environmental footprint. AI and big data enable data‑driven 
resource management (e.g., optimizing energy and water use in hotels, 
predicting tourist flows to prevent overcrowding). IoT sensors monitor 
environmental conditions in real time, enabling adaptive conservation 
measures (e.g., adjusting facilities usage based on wildlife activity). AR and 
VR can substitute or complement physical travel, helping lower carbon 
emissions by offering virtual experiences. Overall, Industry 4.0 innovations 
support greener operations and informed environmental stewardship in 
tourism.

AI‑driven smart systems in destinations reduce energy 
waste (smart grids, HVAC). Big data analysis helps 
managers plan visitor distribution to avoid overuse of 
natural sites. IoT deployments in parks track soil, air, 
and wildlife data to inform carrying capacity decisions. 
VR “virtual tourism” experiences have demonstrably cut 
down actual visits in some cases, curbing emissions and 
pollution.

2. �Enhanced 
tourist 
experience 
and 
education

Industry 4.0 tech enables more immersive, personalized, and educational 
tourism experiences that align with sustainability. AI‑powered 
personalization (recommendation engines, chatbots) helps tourists with 
eco‑friendly options and tailors experiences without extra resource 
strain. IoT creates “smart” service environments (e.g., smart hotels, 
attractions) that improve convenience (e.g., keyless entry, automated 
transit info) and encourage responsible behavior (e.g., apps that 
nudge energy‑saving). AR enriches on‑site experiences by overlaying 
interpretive content about heritage or ecology, educating tourists on 
sustainability and cultural significance. VR provides enjoyment and 
pre‑trip learning about destinations, raising awareness, and reducing 
impulsive travel. By making sustainable choices attractive through 
a tech‑enhanced experience, tourists’ satisfaction and willingness to 
support conservation increase.

Airbnb’s AI algorithms personalize travel plans, 
including suggesting less crowded, eco‑friendly 
attractions, enhancing the experience while avoiding 
overtourism. Smart destination apps (mobile 
platforms) engage tourists with real‑time guidance 
and sustainability tips (e.g., water‑saving reminders). 
An AR application in a Malaysian heritage site guides 
tourists with cultural stories, making the visit more 
engaging and meaningful (local example). Studies show 
AR can significantly improve the “memorable tourism 
experience” for visitors, which destinations leverage to 
promote environmental education.

3. �Transparency, 
trust, and 
governance

Blockchain and data analytics improve transparency in tourism supply 
chains and governance, leading to more sustainable practices. Blockchain’s 
immutable ledgers enable tracing of tourism products and services—for 
instance, tracking if a hotel’s operations meet sustainability certifications 
or if community tourism funds are distributed. This builds trust among 
consumers and stakeholders that sustainability claims are genuine 
(preventing “greenwashing”). Smart contracts can ensure fair payments 
(e.g., automatic carbon offset contributions). Open data platforms and big 
data dashboards (often government‑led) enable monitoring of tourism 
impacts and evidence‑based policy interventions. Collectively, these 
technologies encourage accountability: tourism businesses are incentivized 
to adopt sustainable operations, knowing that data are transparent. 
Governments and communities gain tools to enforce regulations and share 
benefits equitably.

Blockchain pilots in tourism (e.g., in Hungary) have 
improved transaction security and transparency 
between tourists and service providers. Tourism 
authorities using big data dashboards can publicly 
share indicators, such as footfall in protected areas 
or waste generated, pressuring operators to reduce 
impacts. Studies reported that blockchain could verify 
the authenticity of heritage crafts and ensure revenue 
goes to local artisans. Such transparency mechanisms 
help tourists make informed choices and foster trust 
in sustainability certifications (e.g., a blockchain‑based 
ecolabel for hotels that travelers can verify).

4. �Cultural 
heritage 
preservation 
and social 
inclusiveness

Several technologies help protect cultural and natural heritage and 
promote inclusive community development. AR and VR offer new ways 
to experience cultural heritage sites without causing wear and tear on 
artifacts or disturbance to communities. Virtual tours can reduce the need 
for large numbers of tourists at fragile sites while still generating interest 
and educational value. AI and big data tools aid in managing visitor 
impact on heritage (e.g., predictive models for site erosion based on visitor 
numbers). Blockchain can empower local communities by recording their 
cultural assets and ensuring benefits from tourism are returned to them 
transparently. IoT can be used in heritage sites for surveillance to prevent 
vandalism or to control microclimates in sensitive museums. Overall, 
Industry 4.0 can mitigate the negative impacts of tourism on heritage and 
ensure communities remain central beneficiaries.

Augmented reality apps allow tourists to visualize 
historical scenes or artifacts in situ, enriching 
appreciation without physical touching or damaging 
them. VR heritage tours (e.g., virtual walk‑throughs of 
UNESCO sites) gained popularity during COVID‑19, 
showing they can provide access while reducing 
congestion at sites. Community‑based tourism projects 
are testing blockchain for the transparent sharing of 
profits and funding of local conservation, addressing 
trust issues with external tour operators. In addition, AI 
translation and digital platforms provide residents with 
a greater voice and involvement in tourism experiences 
than the traditional approach, supporting sociocultural 
sustainability.

5. �Data‑driven 
planning and 
policy

Widespread adoption of analytics (big data, AI) and IoT feeds is enabling 
smarter tourism planning and policy geared toward sustainability. 
Destination managers and policymakers use predictive models to anticipate

Big data analyses have shown their usefulness in tourism 
strategy—for instance, analyzing geotagged social media 
to identify overvisited hotspots and then implementing

(Cont’d...)
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Blockchain technologies, though less studied, hold potential 
for transparent eco-certification and reducing fraud in 
tourism supply chains. They can enhance regulatory 
control and accountability among stakeholders.34 As 
emphasized by recent reviews, integrating Industry 4.0 
into sustainability agendas requires not only technological 
innovation but also supportive governance, cross-sectoral 
alignment, and inclusive stakeholder engagement.

However, governance-based constraints are evident. 
Ethical issues regarding data privacy are rarely addressed, 
although travelers are likely to oppose surveillance-based 
monitoring.35 Smaller companies and rural operators 
are likely to be left out of digital governance structures, 
resulting in disparities. Furthermore, policymaking 
mechanisms to help control responsible AI use in tourism 
are also lacking. Consequently, governance impacts 
become conditional and vulnerable: AI can enhance 
transparency only if it is embedded within broader 
institutional support frameworks that ensure fairness and 
inclusion.

3.4. Critical problems and paradoxes

While most of the literature is positive, a critical synthesis 
shows contradictions. AI forecasting models are praised 
for helping predict and manage overtourism, but few 
studies show that these forecasts have led to long-term 
policy change or quantifiable visitor redistribution. 
Blockchain is commonly referred to as a transparency 
tool, but in practice, its implementation is rare due to its 
technical sophistication and the uncertainty in returns 
on investment.34 AI-based personalization is cherished 
to enhance tourist experiences, but also denounced 
for violating privacy and eroding confidence. Figure  3 
depicts how the reviewed literature reconciles beneficial 
consequences with critical issues.

Most benefits reported are from pilot studies or 
conceptual models, often across limited time perspectives. 
There is a lack of longitudinal studies examining sustained 
influences on emissions, conservation, or reforms of 
governance. These inconsistencies highlight that AI and 

Table 3. (Continued)

Thematic 
category

Role of Industry 4.0 tech in sustainable tourism Illustrative evidence

anticipate tourism demand and environmental impacts, allowing 
proactive measures such as visitor caps or dynamic pricing to prevent 
overtourism. Scenario simulations (e.g., using AI or digital twins) help 
evaluate sustainability strategies (like the impact of diverting tourists to 
alternative sites). Real‑time data from sensors and social media provide 
early warnings of issues (wildfires, coral reef stress, crowding) such that 
authorities can respond quickly. These approaches support evidence‑based 
decision‑making and align tourism development with sustainability targets 
(e.g., SDGs). Importantly, data‑driven insights help balance economic 
benefits with ecological limits and community well‑being, guiding policies 
on destination growth, transportation, and resource management.

measures to redistribute visitor flows. Several cities 
(such as Amsterdam and Barcelona) employ AI 
to predict peak tourist congestion and adjust city 
services or issue travel advisories, thereby reducing 
strain on infrastructure. In national parks, IoT‑based 
visitor counting and environmental monitoring 
inform adaptive management plans each season. Such 
data‑driven initiatives result in more adaptive, resilient 
tourism systems that can maintain sustainability even as 
tourism volumes change.

Abbreviations: AI: Artificial intelligence; AR: Augmented reality; HVAC: Heating, ventilation, and air conditioning; IoT: Internet of Things; 
SDGs: Sustainable Development Goals; UNESCO: United Nations Educational, Scientific, and Cultural Organization; VR: Virtual reality.

Figure  2. Distribution of research emphasis in Industry 4.0 and 
sustainable tourism. Environmental sustainability represents the largest 
share of research focus, followed by economic efficiency and technology 
integration needs.
Source: Created by the authors based on synthesized review data.

Figure 3. Relative emphasis of key research themes in Industry 4.0 and 
sustainable tourism (1–10 scale). Environmental sustainability shows 
the highest emphasis (score = 10), followed by technology integration 
(score = 9) and economic efficiency (score = 8).
Source: Created by the authors based on synthesized review data.
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Tourism 4.0 must be treated as possible facilitators, rather 
than certainties.

3.5. Research gaps identified

The review also exposes important research gaps, shown 
in Figure  4. There are limited studies that combine 
multiple technologies into integrated frameworks; most 
compartmentalize AI, IoT, or blockchain separately. 
Strong empirical case studies remain rare, especially in 
the developing world, and longitudinal data are sparse. 
Measurement issues continue, although promises of 
carbon savings or transparency gains are routine; there 
are few studies with hard, measurable numbers. Ethical 
and privacy aspects are not yet well explored, as are the 
threats of digital exclusion. Geographically, the research 
is skewed toward Europe and China, whereas Southeast 
Asia, Africa, and Latin America remain somewhat 
underrepresented.

The small dataset of 20 included studies further 
limits generalizability. Although the studies provide 
valuable information, conclusions must be viewed as 
indicative, rather than definitive. More comprehensive 
studies are needed to synthesize evidence across contexts 
and technologies. This aligns with recent evidence that 
highlights the need for longitudinal, integrated approaches 
to Industry 4.0 and sustainability.36

3.6. Synthesis and implications

In general, AI in Tourism 4.0 shows great potential to drive 
sustainability. Environmentally, AI and linked technologies 
support efficiency gains, resource savings, and emissions 
reductions. At the governance level, AI and blockchain help 
support transparency and accountability. Contradictions 
exist, though: adoption is expensive, benefits are unequal, 
privacy issues are unresolved, and evidence over the long 
term is lacking.

For Malaysia, these results indicate that while there 
are early pilots and policies, system integration has yet 
to be achieved. The nation is at a mid-evolutionary 
point: beyond disconnected projects but not yet a fully 
entrenched Tourism 4.0 system. Scaling AI-enabled 
solutions, therefore, needs to be supported not just by 
technical infrastructure but also by inclusive governance 
frameworks, ethical safeguards, and longitudinal 
monitoring systems. The following section presents 
in-depth recommendations for Malaysia directly linked to 
the environmental and governance findings of the review.

While the literature generally highlights positive 
contributions of Industry 4.0 technologies to sustainable 
tourism, it also reveals critical tensions. Adoption remains 
uneven, especially for SMEs with limited resources, and 
sustainability claims are often based on short-term pilot 
projects rather than longitudinal evidence. Moreover, 
the risks of privacy intrusion, digital exclusion, and cost 
inefficiencies are underexplored in numerous studies. This 
limits the ability to fully understand both the theoretical 
implications of digital transformation for sustainable 
development and the practical challenges faced by tourism 
enterprises. A  deeper critical reflection indicates that 
Industry 4.0 cannot be assumed to guarantee sustainability; 
rather, its benefits depend on careful design, supportive 
governance, and alignment with local contexts.

4. Future research directions
Based on the identified gaps, the review proposes several 
future research directions (Figure 5):
(i)	 Longitudinal case studies and experiments: 

Destinations must work with researchers to deploy 
technologies and monitor outcomes. For example, a 
city or resort may be a “living lab” where IoT, AI, and 
AR projects are implemented to increase sustainability, 

Figure 4. Identified gaps in Industry 4.0 and sustainable tourism. The figure 
highlights limited longitudinal evidence, fragmented multi-technology 
integration, under-representation of developing regions, and insufficient 
attention to ethics, privacy, and inclusiveness.
Source: Created by the authors based on synthesized review data.

Figure 5. Strategic future research agendas for sustainable Tourism 4.0. 
This framework outlines key directions, including longitudinal case 
studies, cross-context comparative analyses, integrated multitechnology 
simulations, participatory human-centered design, and ethical artificial 
intelligence adoption.
Source: Created by the authors based on synthesized review data.
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and researchers monitor the effect pre-  and post-
deployment on energy usage, tourist satisfaction, 
community livelihoods, etc. Long-term monitoring 
will determine the efficacy of tech solutions and 
whether rebound effects occur (e.g., does refining 
something make it more efficient or lead to increased 
demand?).

(ii)	 Cross-context comparative analysis: Future studies 
can compare how Industry 4.0 affects sustainable 
tourism across different contexts, for example, a tech-
savvy city vs. a remote ecotourism community. This 
can determine contextual factors and best practices. 
Malaysia, with its mix of urban (Kuala Lumpur) and 
natural (Borneo, islands) destinations, is an excellent 
country for cross-context comparative analyses on 
how technology adoption strategies would differ.

(iii)	Integrated frameworks and simulations: Research 
must strive to design integrated frameworks that 
combine multiple technologies to achieve maximum 
gains in sustainability. Simulation packages, such 
as system dynamics or agent-based models, can be 
employed to simulate a destination with various tech 
interventions (like simulating a 10% reduction in 
tourists through the adoption of VR or a 20% increase 
in IoT efficiency and examining how the system 
responds).35 This would be useful in forecasting the 
impacts of collaborative interventions and guiding 
real-life trials.

(iv)	 Human science and ethical research: Since this topic is 
sociotechnical, human science research is also required. 
These are research on the acceptance of tech-mediated 
tourism experiences (will tourists accept virtual 
experiences as alternatives or just complements?), 
employee adaptation to the automation of tourism 
services, and regulatory research on data privacy and 
ethics. For example, exploring tourist satisfaction and 
learning gains from AR/VR experiences specifically 
designed with sustainability can help create improved 
content. In addition, co-designing technology 
solutions for tourism with local communities may be a 
research area (participatory design approach) in which 
solutions are well accepted and culturally appropriate.

(v)	 Technological innovations and new opportunities: 
The pace of technology is rapid. Further studies 
should monitor emerging technological trends, 
such as AI-powered predictive analytics (even more 
sophisticated), blockchain tokens or rewards for green 
behavior (e.g., earn tokens for being off-beat sites), IoT 
convergence with renewable energy (hotels leveraging 
IoT to use solar/wind maximally), and the Metaverse 
or enhanced VR for travel. Evaluating the potential 
benefits and drawbacks of such revolutionary trends 

prior to their full adoption within the mainstream 
tourism market can position the industry to leverage 
them ethically.37

In essence, an interdisciplinary approach will be 
crucial—involving tourism scholars, data scientists, 
engineers, and social scientists to collaboratively address 
these research agendas. This will ensure that the next wave 
of tourism technology research is holistic, impact-oriented, 
and in alignment with sustainability imperatives.

The findings verify the initial research propositions that 
Industry 4.0 technologies, especially AI, have significant 
but uneven impacts on sustainability outcomes. Evidence 
confirms their contribution to environmental efficiency and 
governance transparency, but also reveals challenges, such as 
costs, privacy, and limited scalability. Based on these insights, 
further studies should expand longitudinal evaluations, 
explore cross-technology integration, and examine adoption 
in developing-country contexts, including Malaysia.

5. Recommendations for Malaysia’s tourism 
industry
Although this review synthesizes global literature, Malaysia 
is chosen for contextual recommendations because it 
represents a developing economy at a transitional stage 
of Tourism 4.0 adoption. The country has launched 
initiatives, such as MyDIGITAL and Smart Tourism 4.0, 
yet integration of AI into governance and sustainability 
remains fragmented. This makes Malaysia an appropriate 
case for illustrating how global lessons can be localized to 
strengthen both environmental outcomes and institutional 
governance in tourism.

Worldwide, discussions on Tourism 4.0 highlight 
that AI, IoT, blockchain, big data, and AR/VR can bring 
sustainability benefits, but are implemented piecemeal and 
without integration. Malaysia is not beginning from zero. 
There are national policies, including MyDIGITAL, the 
National Tourism Policy 2020–2030,37 and the Malaysia 
Smart Tourism 4.0, that have already introduced the 
significance of tourism digitalization. Pilot AR/VR heritage 
experiences, fintech sandboxes for regulation, and IoT-
enabled monitoring initiatives in ecotourism destinations 
are also early indicators. Most initiatives, however, 
are still fragmented or small in scale. The following 
recommendations are thus adjusted for mid-evolution: 
Malaysia has progressed beyond standalone pilots but is 
not yet at a fully institutionalized, interconnected smart 
tourism ecosystem.

5.1. Invest in smart tourism infrastructure

Malaysia’s digital economy agenda already encompasses 
infrastructure expansion, but has uneven tourism-specific 
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deployment.38 As a next step for MyDIGITAL and Smart 
Tourism 4.0, investment needs to focus on broadband 
availability, 5G deployment, and IoT-sensor networks 
in key destinations. For instance, IoT monitoring in 
Taman Negara or Sabah’s marine parks would facilitate 
data-driven visitor management, while growing “smart 
city” infrastructure in Kuala Lumpur or Penang would 
streamline transport flows and ease congestion. These 
infrastructures are the bedrock for AI-powered analytics, 
driving both environmental protection and enhanced 
tourist experiences. In contrast to previous disjointed 
pilots, this proposition locates infrastructure as an 
integrated national priority for tourism sustainability.

5.2. Facilitate tech-enabled sustainable experiences

Malaysia has experimented with AR heritage trails and 
isolated VR ecotourism activities, yet these continue as 
standalone initiatives. A  synergistic program, such as 
national AR trails in George Town and Malacca, or VR 
tourism packages highlighting marine biodiversity in 
Sabah, would turn these small-scale experiments into mass 
market tourism products. These programs not only appeal 
to digitally connected tourists but also mitigate pressure 
on vulnerable ecosystems by providing immersive, low-
impact options. Public-private partnerships, digital 
hackathons, and seed-funding programs might be used to 
produce locally centered content that fosters both heritage 
appreciation and conservation awareness. This extends 
existing pilots but converges them into a more cohesive 
national digital tourism system.39

5.3. Use blockchain to ensure transparency and 
certification

Malaysia has already run sustainability certification 
programs, yet transparency and verification remain issues. 
By utilizing its fintech regulatory sandbox, Malaysia 
can test blockchain-based platforms in holding and 
authenticating eco-certifications, carbon accounting, and 
community benefit-sharing schemes. A  national “Green 
Tourism Blockchain” would allow tourists to immediately 
check green claims while encouraging companies to take 
sustainable actions. Token-based systems could further 
incentivize environmentally friendly behavior (e.g., 
booking low-carbon tours) through redeemable rewards. 
This suggestion thus capitalizes on Malaysia’s fintech 
preparedness to put the nation at the vanguard of open and 
accountable sustainable tourism management.39

5.4. Inclusive innovation and capacity building

Previous initiatives, such as the Malaysia Tourism 
Transformation Plan, focused on training, but SMEs and 
rural operators do not always have the resources to adopt 

digital tools. To bridge this gap, Malaysia needs to create 
targeted accelerators and incubators that integrate digital 
capabilities to SMEs and community-based businesses, 
ranging from IoT system maintenance to AR/VR content 
development. Inclusive innovation ensures that rural 
guides, indigenous entrepreneurs, and small operators 
are not left behind in the digital economy. For example, 
upskilling locals to operate drone-based monitoring or to 
co-create AR heritage stories would create employment 
while retaining cultural authenticity. By integrating 
inclusivity, Malaysia reduces excessive reliance on external 
providers and promotes culturally appropriate solutions.40

5.5. Policy integration and multistakeholder 
collaboration

Malaysia’s tourism administration now mentions 
digitalization within strategic papers, but it remains 
fragmented across ministries. In line with the National 
Tourism Policy 2020–2030,41 there needs to be a 
multistakeholder platform comprising the Ministries of 
Tourism, Environment, and Communications, as well 
as academia, SMEs, and tech companies to harmonize 
standards, ensure the ethical use of data, and establish 
measurable sustainability parameters. Pilot work with 
universities, for example, testing AI-controlled tourist 
dispersion systems in Langkawi or Penang, can provide 
evidence-based benefits, informing policy formulation. 
A larger co-creation platform, in support of the Malaysia 
Tourism Transformation program, would guarantee 
solutions are not only technologically innovative but also 
ethically founded, socially inclusive, and environmentally 
sustainable.42

Malaysia stands at a crossroads: It has set the stage for 
Tourism 4.0 with strategic policies and pilot projects, yet 
systematic integration remains unfinished.35.37 By advancing 
infrastructure, expanding sustainable digital experiences, 
embracing blockchain transparency, developing inclusive 
capacity, and harmonizing multistakeholder policies, 
Malaysia can turn its disjointed efforts into a streamlined, 
sustainable tourism system. These recommendations thus 
sit at the midpoint of system development, building on 
what is there while laying the foundation for an entirely 
institutionalized, people-first, and sustainable smart 
tourism future.25,43,44

This review is based on a relatively small but 
highly targeted set of 20 studies. While sufficient for 
capturing key themes, the limited studies require 
cautious interpretation, particularly regarding emerging 
technologies, such as blockchain. Future reviews with 
expanded datasets and longitudinal evidence will further 
consolidate these findings.
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6. Conclusion
This review demonstrates that Industry 4.0 technologies, 
particularly AI within the Tourism 4.0 framework, 
contribute to sustainable development by promoting 
environmental efficiency, transparent governance, and 
resilience in the tourism sector. Environmentally, AI 
and IoT enable measurable reductions in energy and 
resource consumption, while VR and AR lower ecological 
pressure by providing low-impact visitor experiences. 
From a governance perspective, blockchain and AI-based 
monitoring systems enhance accountability, certification, 
and decision-making. Together, these technologies help 
tourism enterprises integrate sustainability into their 
operations, balancing growth with conservation.

The findings suggest that smart tourism infrastructure, 
interactive and educational digital experiences, blockchain-
enabled transparency, inclusive capacity-building 
programs, and multistakeholder policy integration are 
key enablers of sustainable tourism. Effective adoption, 
however, requires a balanced approach that combines 
technological innovation with community engagement, 
environmental sustainability, and cultural authenticity.

The review’s main achievement lies in synthesizing 
how AI-centered Industry 4.0 innovations interact 
with environmental and governance dimensions of 
sustainability. However, the study has limitations: 
the dataset comprises 20 studies, and the evidence is 
heavily skewed toward short-term pilots and emerging 
technologies, such as blockchain, which remain under-
researched. These limitations imply that conclusions must 
be treated as indicative rather than definitive, and further 
longitudinal and context-specific studies are required.
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Abstract
The rising issue of biomedical discharges underscores the need for sustainable 
alternatives, leading to emerging applications of biodegradable conducting 
polymers (CPs). This review aims to emphasize current progress in this research area, 
focusing on applications for “green” biomedical uses. Novel biomaterials are distinct 
from others by virtue of their electrical conductivity, while being biocompatible and 
biodegradable such as conventional biomaterials, making them very suitable for 
biomedical applications that require safe, controlled degradation within the human 
body. In addition, the paper draws on current progress in the synthesis of conducting 
and novel biomaterials, as well as in the processes for controlled degradation, and also 
addresses their utilization in biomedical applications within biodegradable systems. 
Essential details on CPs synthesis, with a focus on their emerging applications ranging 
from temporary biomedical implants to tissue engineering and bioresorbable 
biosensors, are also discussed. Finally, this review aims to address essential issues 
and future research for prompt clinical applications and continuous innovations in 
emerging applications of conducting, biodegradable biomaterials.

Keywords: Medical waste; Biodegradable conducting polymers; Biomedical applications; 
Sustainable materials

1. Introduction
Since the groundbreaking discovery of conducting polymers (CPs), this fascinating class of 
organic materials has received considerable attention because of their unique combination 
of metallic conductivity and processability comparable to conventional polymers.1 Their 
characteristic properties, such as light-weight, flexibility, and adjustability, have already 
found numerous applications in electronic displays, ranging from sensors and transistors 
to flexible electronics. The capability to control their properties perfectly while in thin-
film format is cementing their position in the emerging biomedical applications domain. 
Despite this, the lack of biodegradability is still a significant disadvantage in the case of 
conventional CPs, posing numerous issues in the long run, particularly in the context 
of biomedical applications.1 Owing to the increasing demand within the biomedical 
sector for sustainable alternatives, the emergence of CP materials with biodegradable 
properties represents one of the most significant requirements within this research field.2 
The presence of biodegradable properties within CP biomaterials not only addresses 
the issue of biomedical waste but also helps in the development of biomedical devices 
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with transient properties engineered to degrade within 
the body.2 The process of making CP biomaterials begins 
with the development of composites through the addition 
of other biomaterials, such as poly (lactic acid) (PLA) and 
poly(ε-caprolactone) (PCL), or other natural biomaterials.3 
Although this approach significantly enhances the 
sustainability of CP biomaterials, there is often a decline in 
electrical properties, mainly owing to issues with electrical 
interfaces.3 Recent innovations within this research field 
have been based on more advanced approaches. These 
are based on the synthesis of CP biomaterials through 
modified biomaterials, the addition of degradable links 
within the polymer, and the development of oligomers 
based on controlled degradation properties.3

This review examines the latest advances in the 
development of the biodegradable CP for use in biomedical 
applications, emphasizing the approaches used in designing 
and making CP. The prospects of this material in shaping 
the development of sustainable biomedical technology, as 
well as outlooks and research opportunities in this field, 
are also discussed.

2. Fundamentals of conducting 
biodegradable polymer
2.1. Structure and conductivity

The development of CPs emerged in the 1970s with 
the breakthrough discovery of polyacetylene-enhanced 
conductivity upon doping. This finding sparked 
widespread interest, leading to the exploration of diverse 
polymers such as polypyrrole (PPy), polyaniline (PANi), 

and poly(3,4-ethylenedioxythiophene) (PEDOT). These 
materials derive their unique electrical properties from a 
molecular structure featuring alternating single and double 
bonds, forming a conjugated system that enables efficient 
charge mobility through electron delocalization. CPs serve 
as a vital link between flexible organic materials and highly 
conductive metals.4-6 Their molecular architecture, as 
depicted in Figure  1, includes a range of structures such 
as polyacetylene derivatives, heterocyclic polymers such 
as PPy and PEDOT, and aromatic systems like PANi, each 
tailored for specific electronic applications. The hallmark 
of CPs is their π-conjugated backbone, where alternating 
σ- and π-bonds create pathways for electron movement.7 In 
their undoped state, these polymers show low conductivity, 
usually around 10−10 S/cm, which makes them insulators. 
Doping, through either oxidation (p-doping) or reduction 
(n-doping), introduces charge carriers such as polarons 
or bipolarons. This boosts conductivity to levels similar to 
that of metals, within the range between 102 and 103 S/cm. 
Doping is a crucial process that turns CPs into highly 
conductive materials. For instance, p-doping involves 
removing electrons from the polymer chain, creating 
mobile positive charge carriers that help with electrical 
conduction.8 This ability to adjust, along with the natural 
flexibility and processability of CPs, makes them great for 
uses in flexible electronics, sensors, and biomedical devices. 
However, the strong conjugated systems that give them 
conductivity also make traditional CPs resistant to natural 
breakdown. This creates environmental issues, especially 
for short-term applications such as biodegradable implants 
or disposable sensors. The long lifespan of conventional 

Figure 1. Inventory of conducting polymers along with their abbreviations7
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CPs clashes with the growing demand for sustainable 
materials. To tackle this, researchers are looking into new 
ways to combine the electrical properties of CPs with the 
ability to break down of eco-friendly polymers. The goal 
is to create materials that perform well and decompose 
harmlessly after use. These efforts are vital for promoting 
sustainable biomedical technologies and cutting down on 
electronic waste.

2.2. Synthesis and fabrication techniques

The advancement of CPs with specific properties depends 
on the careful selection of synthesis and processing 
methods. These approaches provide precise control over 
material structure, conductivity, and morphology, thereby 
facilitating their application in transient biomedical 
devices. Figure 2 summarizes the three primary synthesis 
methods for CPs: solution-based chemical synthesis, solid-
solid reaction synthesis, and electrosynthesis.

2.2.1. Solution-based chemical synthesis

Solution-based chemical synthesis is a cornerstone method 
for producing CPs such as PPy and PANi, widely valued 
for its scalability and versatility in biomedical applications. 
This technique employs a redox reaction where monomers 
with electron-donating groups are oxidized by chemical 
agents, generating reactive intermediates that polymerize 
through chain propagation or step-growth mechanisms.9 
Common oxidants, such as ammonium persulfate or 
ferric chloride, are cost-effective and facilitate large-scale 
production.9 The method’s flexibility supports integration 
with advanced fabrication techniques like inkjet printing, 
spin coating, or dip coating, enabling the creation of 
structured materials for biosensors, electrodes, and 
drug delivery systems.10,11 Precise control over reaction 
conditions, particularly the oxidant-to-monomer ratio, is 

critical to avoid over-oxidation, which can reduce electrical 
conductivity.11 Recent studies have explored innovative 
approaches, such as the spontaneous polymerization of 
pyrrole within Fe3+-exchanged montmorillonite (MMT) 
to form intercalated PPy-MMT nanocomposites.12 By 
varying the molar proportion of pyrrole to interlayer 
Fe3+, researchers achieved tailored DC conductivity and 
dielectric properties, with AC conductivity following 
a power-law behaviour governed by correlated barrier 
hopping.12 This enhances the suitability of solution-based 
CPs for transient biomedical devices, where controlled 
morphology and electrical performance are essential.

2.2.2. Electrosynthesis

Electrosynthesis offers a highly controlled approach to 
CP fabrication, ideal for producing thin, uniform films 
with customized properties. This method employs an 
electrochemical cell with a working electrode, counter 
electrode, and reference electrode immersed in a monomer-
electrolyte solution. By applying a specific voltage or 
current, monomers undergo oxidation or reduction at the 
electrode surface, initiating polymerization and depositing 
the CP directly as a film.13 This technique ensures high 
purity and allows fine-tuning of film characteristics, such 
as thickness, crystallinity, and conductivity, by adjusting 
parameters like voltage, electrolyte composition, or pH. Its 
single-step process eliminates the need for extensive post-
processing, making it suitable for creating multilayered or 
patterned structures for bioelectronic interfaces.

2.2.3. Solid-solid reaction synthesis

Solid-solid reaction synthesis is a solvent-free method for 
fabricating CPs such as PANi and PPy, offering significant 
potential for biodegradable biomedical applications. This 
technique involves blending solid monomer powders, like 

Figure 2. Different synthesis methods of conducting polymers
Abbreviations: PANi: Polyaniline; PPy: Polypyrrole.
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an ilinium chloride, with solid oxidants, such as ammonium 
peroxydisulfate, and initiating polymerization through 
mechanical grinding or mild heating.14-18 Unlike solution-
based or vapor-phase methods, solid–solid synthesis relies 
on solid-state diffusion and surface interactions, producing 
high-purity polymers without solvent-related impurities, 
thus supporting eco-friendly manufacturing principles.18 
The method enables precise control over polymer 
morphology, crystallinity, and electrical conductivity by 
adjusting parameters such as the oxidant-to-monomer 
ratio and grinding duration.17,16 For instance, PANi-
MMT nanocomposites synthesized through this route 
exhibit a branched fibrous morphology and enhanced 
thermal stability compared to free PANi, attributed to the 
stabilizing effect of MMT’s interlayer structure.14,18 Ground 
MMT serves dual roles as an oxidant and reinforcement, 
leveraging Fe³+ cations in its octahedral layers and 
atmospheric oxygen to drive an ilinium polymerization.5 
AC conductivity studies reveal a frequency-dependent 
regime with low-frequency DC conductivity transitioning 
to a power-law behavior at higher frequencies, indicating 
robust electrical performance suitable for biomedical 
devices.14,16,18 The solvent-free nature of this method 
reduces environmental impact, aligning with the demand 
for sustainable biomedical materials. By integrating 
CPs with biodegradable polymers like PLA, composites 
can maintain electrical functionality while degrading 
harmlessly in physiological environments.1

3. Biodegradability and transiency
3.1. Biodegradable CPs

Environmentally benign CPs are defined as polymeric 
materials capable of undergoing substantial degradation 
within a specified timeframe, ensuring that no 
adverse environmental impacts occur.19,20 The term 
“environmentally benign” extends beyond simple 
mass loss or fragmentation of the CPs. A  rigorous 
definition requires that the material and its degradation 
products undergo complete assimilation into natural 
biogeochemical cycles without leaving persistent, 
bioaccumulative, or toxic residues. The fate within 
the human body is generally favorable for the matrix 
components. Polyesters such as PLA and PCL undergo 
hydrolysis to yield metabolites such as lactic acid and 
caproic acid. These degradation products are efficiently 
cleared by the renal or metabolized through the Krebs 
cycle, resulting in low cytotoxicity. Similarly, natural 
polymers, such as chitosan and cellulose derivatives, 
can mineralize into carbon dioxide (CO2) and water 
(H2O), thereby minimizing environmental impact. 
In biomedical applications, it is crucial that the 
degradation products are biocompatible and can be 

metabolized or excreted easily by the body. When 
developing biodegradable CPs, it is essential to balance 
biodegradability with the preservation of electrical 
conductivity and mechanical properties inherent to 
CPs such as PPy and PEDOT. However, the conjugated 
backbone of the CP components (PPy, PEDOT, aniline 
oligomers) poses a greater challenge. Their degradation 
yields aromatic fragments, such as aniline oligomers or 
thiophene derivatives, could present significantly higher 
cytotoxicity, compared to the aliphatic acid metabolites. 
While these may remain below acute toxicity thresholds 
in controlled implants, their long-term biological impact 
requires careful evaluation. There are several methods 
for addressing the balance between biodegradability and 
conductivity in conducting biodegradable polymers. One 
of the more common methods is dispersing a conductive 
filler made from CP materials (e.g., PPy nanoparticles, or 
PEDOT nanoparticles) within a biodegradable polymer 
matrix (e.g., PLA and PCL). However, the presence of 
the conductive filler generally provides only moderate 
conductivity values (10− to 10−1   S/cm) and can lead 
to phase separation between the filler and matrix, 
which can generate inconsistent electrical conductance 
as the PLA matrix degrades. Alternatively, there are 
newer potentially more precise methods which can 
incorporate degradable links at the molecular level. 
Degradable linkages, such as ester or imine groups, 
may be incorporated into the CP backbone to maintain 
π-conjugation for charge transport while also providing 
for controlled degradation.21 Alternatively, hydrolyzable 
side groups, for example, oligoesters, can be added to CPs 
to maintain conductivity of the backbone while allowing 
for breakdown.22 There has also been recent innovative 
work on more complex architectures, such as star-shaped 
CPs or hyperbranched CPs with degradable cores, that 
enhance charge transport while allowing for a more 
favorable disintegration profile.23 The choice of dopants 
is very important for the biodegradability. Typical small-
molecule dopants demonstrate little compatibility with 
the environment, causing researchers to transition 
to bio-derived dopants such as polyglutamic acid, or 
heparin which can serve both charge compensation and 
degradation pathways.24 For instance, PEDOT doped 
with a modified poly (styrenesulfonate) including 
polyethylene glycol grafts was found to show improved 
biodegradability while maintaining good conductivity.24 
Characterization assesses various aspects including 
measurement of conductivity (e.g., via four-point probe 
or impedance spectroscopy), degradation kinetics 
through in vitro testing that imitates physiological 
or environmental conditions, and examination of 
mechanical properties such as tensile strength in cases of 
wearables or implants.25
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Volume 2 Issue 4 (2025)	 5� doi: 10.36922/EER025350063

Green conducting polymers in biomedicine

Explora: Environment 
and Resource

4. Biomedical applications
The field of biomedical utilization and applications 
has rapidly progressed with CPs by incorporating 
conductivity, flexibility, and biocompatibility, contributing 
to technological advancements in healthcare.26-41 Bio-
conjugated polymers, PPy, PANi, and PEDOT, have been 
studied widely on their capacity to interface with biological 
systems, parse out electric stimuli, and detect biological 
signals, as well as the role in controlled degradation. New 
development that made strides to improve these CPs 
through biodegradability, developing transient devices that 
degrade once their purpose is served, which removes the 
need for surgical removal.26,27 This section will elaborate on 
the various biomedical applications of biodegradable CPs, 
such as biosensors, tissue engineering, neural interfaces, 
drug delivery, and antimicrobial systems.

4.1. Biosensors for health monitoring

In biosensing applications, CPs are essential materials 
thanks to their high electrical conductivity, high surface 
area, and ability to modify the surface chemistry of CPs to 
achieve the right properties to isolate/deploy the biological 
analyte of interest.26 As shown in Figure  3, the role of 
CPs is significant as they are responsible for changing a 
certain type of input stimulus into an electrical signal in 
monitoring health. The illustration in Figure 3 breaks the 
process into three pathways based on the type of signal: 
Chemical, electrochemical, or mechanical. The first 
pathway is activated by a biochemical signal, such as a 
protein or DNA, and illustrates how CPs can stimulate this 
signal. A biological receptor which is functionalized with 
a “bio-factor” will bind to the analyte (signal), and the CP 
will emit a signal, transmitting the signal to the processing 
unit. For electrochemical-type signals, such as heat or pH, 

CPs can either directly record the signal, or the CPs can be 
modified to enhance the reception of the signal. CPs could 
also be modified to act as a transducer for electrochemical 
signals. Finally, for mechanical signals, such as pressure 
or vibration, CPs will transduce the physical force into 
electrical signal. In all examples, the CP-based device 
will be connected to a signal unit for independent signal 
processing or for use as a part of a data set. The figure 
visually summarizes how CPs act as an active and flexible 
constituent in the biosensor designs.26

The aforementioned quality makes CPs (e.g., PPy and 
PEDOT) favorable for developing sensors for continuous 
glucose monitoring, lactate detection, and cardiac 
biomarker analysis (human troponin) classifiers for diabetes 
management, sports performance monitoring, and heart 
health assessment.26 For instance, PPy-based biosensors 
have been incorporated into a wearable sensor for real-time 
glucose monitoring with high sensitivity and flexibility.26 
Similarly, both PEDOT-based DNA sensors and biochips 
have taken advantage of PPy’s capacity to functionalize 
surfaces with biomolecules to achieve highly specific 
detection of genetic material or pathogens.26 Recent studies 
have advanced CP-based biosensors through the addition 
of components that lead to biodegradability. For example, 
PPy-dextrin (in situ) nanocomposites have antibacterial and 
antioxidant properties, and can also be useful in infection 
monitoring sensors.30 These composites demonstrate 
conductivity (up to 10-3 S/cm) and biodegradability.30 
Furthermore, researchers have experienced highly sensitive 
CP-based biosensors through the addition of components, 
such as carbon nanotubes or silver nanoparticles.26,33 
For example, PPy combined with multi-walled carbon 
nanotubes (MWCNTs) in biodegradable poly(L-lactide)/
poly(3-hydroxybutyrate-co-4-hydroxybutyrate) blends 

Figure 3. The role of conducting polymers in receiving and processing stimulation signals7
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achieved a very low percolation threshold (0.58 wt%),which 
is crucial for conductivity improvements.36

4.2. Tissue engineering and regeneration

CPs are widely used in tissue engineering, especially for 
neural, cardiac, and bladder tissue regrowth, to apply 
electrical stimulation to facilitate cell growth, cell adhesion 
and cell differentiation.26,27 For example, a biodegradable 
PEDOT-poly(octamethylene-citrate-co-octanol) 
scaffold was developed for bladder tissue regeneration 
in athymic rats.27 This electroactive scaffold reinstated 
bladder function, and anatomical structure, without the 
use of exogenous cell seeding, comparable to scaffolds 
seeded with mesenchymal stromal cell, demonstrating 
the ability of biodegradable scaffolds without cells.27 The 
scaffold conductivity with ~10−5 S/cm and degradability 
allows temporary mechanical property support for non-
conductive tissue scaffolds, then degrades into innocuous 
products once bladder regeneration is complete.27 In the 
same context, PPy-chitosan composites increase Schwann 
cell proliferation, and secretion of neurotrophins, such 
as nerve growth factor (NGF) and the brain-derived 
neurotrophic factor (BDNF), upon the application 
of electrical stimulation.31 In vitro experimentation 
demonstrated that electrical stimulation through PPy-
chitosan scaffolds greatly increased expression of NGF 
and BDNF, and improved peripheral nerve regeneration 
in animal models.31 Synthesized with aniline trimer 
and doped with camphor sulfonic acid, biodegradable 
conductive polyurethanes have an elasticity of 30% strain 
and a conductivity of up to 7.3 × 10−⁵ S/cm in wet state, 
and promote fibroblast proliferation, which is important 
for tissue repair.29 All of these materials biodegrade 
into non-toxic byproducts to minimize inflammatory 
responses and offer advantages for implantation, such 
as liquidation after degradation. Furthermore, PCL-
based scaffolds with conductive fillers such as MWCNTs 
provide mechanical strength and biocompatibility to 
promote both bone and cartilage regeneration.32 The 
micropatterned surface of these scaffolds drives stem cell 
differentiation and improves the integration of engineered 
tissues.32 In another study, Subramanian et al.42 produced 
aligned nanofibers of poly(lactic-co-glycolic acid)/poly(3-
hexylthiophene)to promote Schwann cell alignment and 
myelin formation and to aid peripheral nerve repair in 
rodent models. Xu et al.43 created PEDOT/carboxymethyl 
chitosan hydrogels to address cranial injury. Huang et al.,44 
studied the use of PLA-b-aniline pentamer-b-PLA (PAP) 
(5 × 10−6 S/cm) to synchronize cardiomyocyte beating 
for increasing junction formation and contractile force in 
damaged hearts. Baheiraei et al.45 described electroactive 
polyurethane scaffolds that restored conduction velocity in 

disrupted myocardium (but risked arrhythmia). Xie et al.,46 
elucidated star polylactide-aniline trimer networks to 
improve osteoblast mineralization and collagen deposition, 
leading to 80% defect closure in femoral models.

4.3. Neural interfaces and stimulation

CPs play a key role in neural interfaces due to their 
unique ability to interface with neural tissue and provide 
an ability to deliver controlled electrical stimulation to 
live tissue, allowing neural recording and stimulation. 
Biodegradable magnesium-based microelectrodes 
decorated with PEDOT have also been developed 
specifically for in vivo neural recording in the auditory 
cortex of mice, recording multi-unit stimulus-evoked 
activity from the brain.34 These microelectrodes utilize 
biodegradable polymers for insulation, which will 
degrade within a safe amount of time after implantation, 
avoiding the downsides to chronic implantation.34 In 
addition, PEDOT has a conductivity of ~10−4 S/cm, 
enabling reliable signal acquisition, making PEDOT 
suitable for transient neural interfaces.34 Furthermore, in 
peripheral nerve repair, a conductive hydrogel integrating 
polydopamine-modified silicon phosphorus (SiP@PDA) 
nanosheets in a gelatin methacryloyl matrix promoted 
differentiation of neural stem cells into Schwann cell-like 
cells.28 This hydrogel has a conductivity of ~4.34 mS/cm 
and has properties comparable to those of neural tissue, 
causing resident macrophages to polarize toward a pro-
healing phenotype, enhancing tissue angiogenesis.28 In a 
rat model of Parkinson’s disease, this hydrogel combined 
with acupuncture induced a more than 80% increase in 
the regeneration of dopaminergic neurons and improved 
motor function with the electrophysiological spike rates 
returning to levels comparable to those of healthy rats.28 
Since the scaffolds are biodegradable, complications related 
to their long-term use owing to non-degradation can be 
prevented.28 In addition, polyphosphazene polymers with 
aniline pentamer side chains also provide a combination 
of conductivity (~2 × 10−5 S/cm) and biodegradability, 
which are the characteristics required in neuronal tissue 
engineering.

4.4. Biomedical implants

For long-lasting implants, materials must exhibit 
mechanical strength, electrical functionality, and the 
ability to controllably resorb to prevent secondary surgical 
interventions. Boutry et al.47 created PPy and PCL-PPy 
RLC resonators through emulsion polymerization to allow 
for wireless bioelectronic implants. Both poly(L-lactic 
acid) (PLLA) and PCL degrade through hydrolytic chain 
scission into lactic and caproic acid, respectively, which are 
metabolites capable of elimination by the body through the 
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Krebs cycle. Lu et al.48 developed PPy/hybrid electrodes 
for neural probes, where PPy provided the conductivity, 
and carbon nanotubes aided in mechanical stability; 
however, full evaluation of the long-term degradation 
was not provided. For orthopedic application, Wan et al.49 
incorporated magnesium into the PLLA forming PLLA/
Mg/MgF₂ composites. The released magnesium ions 
supported osteogenic pathways while PLLA degraded 
through hydrolysis over the period of 6–12 months. In a 
separate study, Ghaziof and Mehdikhani-Nahrkhalaji50 
fabricated1 wt% MWCNT/PCL scaffolds using solvent 
casting and vacuum drying methods, which significantly 
improved electrical conductivity and compressive strength 
for myocardial patches; however, the degradation of the 
PCL matrix was relatively slow and appropriate for load-
bearing cardiac repair. Similarly, Wang et al.51 developed 
nano-Fe3O4/PLLA bone screws, which introduced magnetic 
guidance and were biodegradable. The degradation of the 
PLLA was accelerated by acidic byproducts, where Fe3O4 
was included to promote radiopacity. Jiang et al.52 electro 
spun PCL/gelatin/carbon nanotubes vascular grafts that 
mimic native vessel mechanics. The gelatin component 
rapidly degraded via enzymatic action, while PCL provided 
long-term structural support through gradual hydrolysis.

4.5. Drug delivery and antimicrobial applications

CPs enable precise drug delivery through electrical or 
environmental stimuli, thereby enhancing therapeutic 
outcomes. A biodegradable, electroconductive self-healing 
hydrogel based on polydopamine-coated polyurethane 
nanoparticles supports neural stem cell proliferation 
and differentiation, with strong antioxidative and anti-
inflammatory effects.28 This hydrogel, used in a Parkinson’s 
disease model, elevated serum levels transforming growth 
factor-β1 and stromal cell-derived factor-1, promoting 
neuroprotection and reducing inflammation.28 Its 
conductivity (~4.34 mS/cm) and shear modulus (~280 Pa) 
mimic brain tissue, making it ideal for injectable drug delivery 
systems.28 CPs also exhibit antimicrobial properties, critical 
for infection-resistant biomedical devices. PPy-dextrin 
nanocomposites demonstrate antibacterial activity against 
Gram-positive (e.g., Staphylococcus aureus) and Gram-
negative (e.g., Pseudomonas aeruginosa) bacteria, suitable 
for wound dressings or implants.30 Ultrathin electro spun 
mats combining PCL, silver nitrate, and carboxymethyl 
chitosan offer high antibacterial efficacy, breathability, 
and biodegradability, making them effective face mask 
filters for airborne disease prevention.33 These mats, with 
a total thickness of ~300 μm, provide mechanical stability 
and degrade naturally, reducing environmental impact.33 
Similarly, electrostatically flocked PCL microfibers filled 
with silver nanoparticles exhibit antimicrobial activity 

against methicillin-resistant S. aureus, supporting tissue 
formation and vascularization in vivo.37 Sumitha et al.53 
electro spun PCL/silver nanofibrous scaffolds, showing a 
clear zone of inhibition against S. aureus proportional to 
Ag content. PCL degraded through hydrolysis, enabling 
sustained Ag+ release.

4.6. Biodegradable electroactive scaffolds

The integration of biodegradability into CP-based systems 
has opened new avenues for transient biomedical devices. 
For example, PPy grafted with oligo-3-hydroxybutyrate 
pendants combines conductivity with biodegradability, 
suitable for temporary scaffolds in tissue engineering.38 
Electrostatic flocking of silver nanoparticle-filled PCL 
microfibers creates biphasic scaffolds that degrade 
naturally while promoting new tissue formation and 
angiogenesis.37 Cataractous eye protein isolate -based solid 
polymer electrolytes achieve high ionic conductivity (~8 
× 10−a S/cm) and biodegradability, offering potential for 
flexible bioelectronics.39 These materials leverage natural 
proteins, enhancing sustainability and biocompatibility.39 
CPs blended with biodegradable polymers, such as PLA or 
polybutylene succinate, form conductive foams for neural 
recording or energy storage.40 Polybutylene succinate-
based foams with carbon nanofibers and expanded graphite 
achieve tailored cellular structures, supporting biomedical 
applications.40 In addition, novel CPs with degradable ester 
linkages, such as quarter thiophene-ester polymers, exhibit 
electroactivity and cytocompatibility, which are ideal 
for tissue-engineering scaffolds.41 These advancements 
underscore the potential of biodegradable CPs in creating 
sustainable, high-performance biomedical devices.

5. Synthesis strategy
Chemical precision, structural control, and 
biocompatibility are critical aspects to consider in the 
synthesis of biodegradable, electroactive CP-based 
composites. Condensation polymerization is the 
cornerstone for block copolymers with controlled 
degradation. Huang et al.44 synthesized polylactide-
block-aniline pentamer-block-polylactide by condensing 
polylactide diols with aniline pentamer through 
carbodiimide coupling, yielding a triblock structure 
with microphase separation and conductivity of 
5 × 10−6 siemens per centimeter. Similarly, Rivers et al.54 
employed a multi-step condensation sequence—trichloro 
acetylation, Vilsmeier-Haack formylation, Stetter reaction, 
Lawesson’s thionation, hydrolysis, and adipoyl chloride 
linkage—to construct a pyrrole-thiophene-pyrrole trimer 
with ester-linked aliphatic chains, enabling enzymatic 
surface erosion. Electro spinning dominates nanofibrous 
scaffold fabrication. Subramanian et al.42 dissolved 
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poly(lactic-co-glycolic acid) and poly(3-hexylthiophene) 
in chloroform/dimethylformamide, electrospinning 
aligned nanofibers under 15 kV to promote Schwann cell 
orientation. Jiang et al.52 co-electro spun PCL/gelatin/
carbon nanotube blends, achieving vascular grafts with 
native-like mechanics. High-voltage fields induce fiber 
alignment, enhancing conductivity pathways and cell 
guidance. Oxidative polymerization enables in situ 
growth of CPs on biodegradable templates. Da Silva 
et al.55 polymerized PEDOT-copolymer-poly(D,L-lactide) 
using ammonium persulfate in aqueous media, forming 
a biodegradable, electroactive copolymer. Boutry et al.47 
used emulsion polymerization to coat PLLA/PCL with 
PPy, forming resistor–inductor–capacitor resonators. 
Ghaziof et al.50 applied solvent casting with vacuum 
drying to integrate 1 wt% MWCNTs into PCL, improving 
conductivity for myocardial patches. These methods—
condensation, electrospinning, oxidative/electrochemical 
polymerization, and emulsion/solvent processing—allow 
tunable conductivity, porosity, and degradation kinetics, 
making biodegradable CP-based composites versatile for 
tissue engineering, implants, and antibacterial therapy.

6. Mechanism of degradation
Degradation of biodegradable CP-based composites is 
a multistage process governed by chemical structure, 
environmental conditions, and biological activity. As 
shown in Figure 4, there are three primary mechanisms of 
degradation—namely hydrolytic degradation, enzymatic 
degradation, and surface erosion—each tailored to 

ensure controlled resorption, non-toxic byproducts, 
and preserved electroactivity during tissue integration. 
Hydrolytic degradation dominates polyester-based 
systems (PLLA, PCL, poly(lactic-co-glycolic acid), 
poly(D,L-lactide)).

Ester bonds in the polymer backbone undergo 
nucleophilic attack by water, leading to chain scission 
and formation of carboxylic acid and alcohol end 
groups. Huang et al.44 reported polylactide-block-aniline 
pentamer-block-polylactide degrading through bulk 
hydrolysis of polylactide blocks, releasing lactic acid over 
6–12 months. Subramanian et al.42 observed poly(lactic-
co-glycolic acid)/poly(3-hexylthiophene) nanofibers 
losing 50% mass in 30  days under phosphate-buffered 
saline immersion, with autocatalysis accelerating 
degradation as acidic byproducts accumulate. PCL-
based implants exhibit slower hydrolysis (lasting 
1–2 years), making them ideal for long-term vascular or 
myocardial support.50,52 Hydrolysis is pH-, temperature-, 
and molecular weight-dependent, enabling tunable 
resorption rates. Enzymatic degradation is critical in 
polysaccharide-containing composites (chitosan, chitin, 
carboxymethyl chitosan), comprising 25% of entries. 
Lysozyme, chitinase, and chitosanase—abundant in 
human serum and wound exudate—cleave beta-1,4-
glycosidic bonds, generating oligosaccharides. Xu et al.43 
demonstrated PEDOT/carboxymethyl chitosan hydrogels 
degrading faster in lysozyme-rich media than phosphate-
buffered saline, with surface-limited erosion preserving 

Figure 4. Principle mechanisms of degradation of conducting polymers
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bulk conductivity. Enzymatic pathways are cell-mediated, 
ensuring in vivo specificity and minimal inflammation. 
Surface erosion, unique to CP oligomers, occurs in 
ester-linked systems like biodegradable electrically 
CP.54 Cholesterol esterase selectively hydrolyzes surface-
exposed ester linkages, releasing soluble monomers 
while maintaining core integrity. This mechanism yields 
zero-order kinetics, ideal for drug delivery or transient 
neural scaffolds, with conductivity retained until late-
stage erosion. These mechanisms—hydrolytic (bulk/
surface), enzymatic, and erosive—enable predictable, 
safe degradation, transforming biodegradable CP-based 
composites into transient, bioactive platforms for 
regenerative medicine. It is important to note that 
for biodegradable CPs, degradability is engineered 
through strategically placed hydrolyzable (e.g., ester, 
imine) or enzymatically cleavable (e.g., peptide, 
glycosidic) segments that preserve π-conjugation and 
charge mobility during the functional phase, enabling 
controlled fragmentation only on physiological or 
environmental triggers.21,38,44 A fundamental challenge 
in designing functional biodegradable CPs is managing 
the inherent conflict between electrical performance 
and material biodegradability. Conductivity relies on 
a stable, continuous network of π-conjugated segments 
to facilitate charge transport. Biodegradability, however, 
requires controlled, bulk breakdown of the polymer 
backbone through hydrolyzable linkages. The universal 
observation is that conductivity is negatively impacted by 
biodegradation, though the performance can be sustained 
for a functional period. This makes biodegradable CPs 
inherently transient materials, whose electrical function 
must be strategically designed to outlast the duration of the 
biological application (e.g., nerve regeneration or cardiac 
repair) before the material fully dissolves. For instance, 
PAP triblock copolymer is achieved by ingeniously 
linking distinct functional segments, while their 
degradation capability stems from separate, chemically 
labile units.44 The material’s semiconducting performance 
(5 × 10−6 S/cm) is conferred by the π-conjugated backbone 
of the aniline pentamer oligomer, which, upon doping, 
forms mobile charge carriers, polarons and bipolarons, 
that facilitate electron hopping or tunneling for charge 
transport. Conversely, biodegradability is engineered 
through the polylactide segments containing hydrolyzable 
ester linkages. This morphology permits the polylactide 
to degrade via hydrolysis without immediately disrupting 
the conductive pathways, sustaining function during 
the necessary biological window. However, this is an 
inherently transient solution, as the inevitable progression 
of degradation—involving polymer swelling, dopant 
expulsion, and eventual chain fragmentation—ultimately 

severs the conjugation. This failure mechanism leads to 
a significant, unavoidable drop in conductivity (>50%).44

7. Comparative analysis of synthesis, 
degradation, and applications
To provide a comprehensive overview of the diverse 
biodegradable CP-based composites discussed in this 
review, Table  1 summarizes key attributes from some 
selected studies across tissue engineering, biomedical 
implants, and antibacterial applications. This table compiles 
essential parameters, including polymer/composite 
type, conducting component, dopant, synthesis method, 
degradation mechanism, conductivity, and primary 
application. Our tabulated data reveal that condensation 
polymerization and electrospinning are primary methods 
for synthesizing scaffolds requiring precise molecular 
control and nanofibrous alignment, respectively, while 
oxidative and emulsion techniques are predominantly 
employed in generating implant-focused hybrids for 
enhanced mechanical integration. Degradation profiles, 
primarily hydrolytic or enzymatic, ensure controlled 
release of non-toxic byproducts, aligning with clinical 
needs for transient devices.

8. Challenges and future directions
Despite their promise, CP-based biomedical devices face 
challenges in balancing conductivity with degradation 
rates. Rapid degradation can compromise functionality, 
while high conductivity often requires stable, non-
degradable structures.26,28 Scalability is another hurdle, as 
complex synthesis routes, such as those involving organic 
solvents, limit large-scale production.27,30 The lack of 
standardized protocols for assessing biodegradability and 
biocompatibility across physiological and environmental 
conditions necessitates universal benchmarks.26 In 
addition, achieving consistent mechanical properties, 
such as flexibility and tensile strength, remains critical 
for wearable and implantable devices.32 Future research 
will focus on developing novel synthesis methods, such 
as solid-state polymerization, to enhance eco-friendliness 
and scalability.30 Incorporating stimuli-responsive 
triggers (e.g., pH, light, or enzymes) will enable smarter, 
more precise devices.28,33 Integration with advanced 
nanomaterials, like graphene or quantum dots, will further 
enhance conductivity and functionality.26 Applications in 
transient electronics, smart drug delivery, and wearable 
sensors hold significant potential, particularly for 
personalized medicine and sustainable healthcare.26,28 
By addressing these challenges, biodegradable CPs will 
drive the development of next-generation biomedical 
technologies, combining high performance with 
environmental responsibility.
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9. Conclusion
Biodegradable CPs represent a significant leap forward 
in the field of biomedical materials, offering a compelling 
solution to the long-standing challenges of permanent 
electronic implants and biomedical waste. This review 
highlights how these innovative materials uniquely combine 
electrical conductivity, biocompatibility, and controlled 
degradability to create a new generation of transient medical 
devices. In addition, the paper discusses the diverse and 
impactful applications of these materials, from biosensors 
for real-time health monitoring and electroactive scaffolds 
that enhance tissue regeneration, to neural interfaces 
that enable communication with the nervous system 
and smart systems for targeted drug delivery. The review 
also examines the synthesis and fabrication methods—
including chemical oxidative, electrosynthesis, and solid–
solid reactions—that allow for precise control over material 
properties, a critical factor for clinical success. Despite these 
remarkable advancements, significant hurdles remain. The 
key challenge lies in achieving an optimal balance between 
electrical performance and degradation rate so that the 
device functions effectively as required and then degrades 
safely. Issues related to scalability, standardization of 
testing protocols, and maintaining consistent mechanical 
properties also require further research. Looking ahead, 
the future of biodegradable CPs is incredibly promising. 
Continued innovation in stimuli-responsive degradation, 
the integration of advanced nanomaterials, and the 
development of more sustainable fabrication techniques will 
pave the way for a new era of personalized and eco-friendly 
medicine. By overcoming these challenges, biodegradable 
CPs are set to revolutionize healthcare by enabling devices 
that are not only high-performing but also fully integrated 
with the body’s natural processes.
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Abstract
A sediment grain on a riverside is surrounded by similar grains and is subjected to 
both cohesive and viscous forces. The present study considers the orientation of 
sediment grains based on the established truncated pyramid model and proposes 
an expression for the grain’s escape velocity. The escape velocity depends strongly 
on the inter-grain separation gap and temperature for a given water volume 
entrapped between two neighboring grains. This serves as a key measure of the 
volumetric erosion rate. A  thorough comparative study was conducted, linking 
the escape velocity values reported in published work—where only cohesive 
forces were considered—with results obtained when both viscous and cohesive 
forces were accounted for under varying thermal conditions. Both scenarios were 
evaluated at a fixed liquid bridge volume and at different separation gaps, while all 
other parameters were kept constant. The findings revealed that the escape velocity 
increased relative to that reported in earlier research. In this study, the combined 
effect of viscous and cohesive forces results in a significant increase in the escape 
velocity required for a grain, indicating enhanced stability of the riverside compared 
to cases where only cohesive forces are considered at lower separation times. For the 
1st time, temperature dependency is incorporated in the truncated pyramid model. 
In addition, a one-second threshold was identified, after which viscous forces and 
temperature no longer significantly affect grain binding.

Keywords: Separation gap; Sediment grain; Cohesive force; Escape velocity; Viscous 
force; Temperature

1. Introduction
Riverside erosion rates are considerably lower in stable river systems compared to 
unstable ones. Each grain on a riverside is surrounded by similar grains, held together 
by gravitational, viscous, and cohesive forces. Gravitational force is the primary driver 
of sediment grain deposition along a riverside surface, while viscous and cohesive forces 
between grains act to counter erosion. When the deposition rate of grains is lower than 
the entrainment rate, erosion occurs. Analyzing erosion mechanisms at the microscale 
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is challenging due to inherent variability. However, certain 
analyses can be conducted to examine sediment grain 
behavior.

Bank erosion can be quantified by determining the 
escape velocity of the sediment grains. A  smaller escape 
velocity indicates a higher erosion rate. The escape velocity 
is directly related to the net force exerted by streamflow 
along the riverside. To date, the literature does not 
adequately address changes in both viscous and cohesive 
forces between sediment grains under distinct microscale 
conditions. In particular, the variation of viscosity with 
temperature is often overlooked, despite the fact that the 
temperature of entrapped water cannot remain constant. 
In this study, escape velocity is calculated by incorporating 
both viscous and cohesive forces, with viscosity treated 
as a function of temperature, across varying inter-grain 
separation gaps and at a fixed liquid bridge volume.

Darby and Thorne1 analyzed the stability of riversides 
for shear-driven cohesive banks that fail under planar 
failure conditions. Urso et al.2 proposed a model to 
identify the rupture behavior of liquid bridges in grain 
systems. In addition, several studies3-5 investigated liquid 
bridge systems. Yu et al.6 experimentally determined 
the relationship between porosity and capillary force for 
mono-size spheres. Groger et al.7 proposed a simulation 
model to calculate the tensile strain of sediment grains. 
Hsiau and Yang8 employed the discrete element method to 
analyze motion arising from self-diffusion and mixing of 
cohesive powders in a two-dimensional vibrating granular 
bed. Rinaldi et al.9 examined the stability of the Sieve 
riverside by monitoring pore water pressure. Kohonen 
et  al.10 conducted experiments on dynamically deformed 
wet grains.

Considering equilibrium conditions, Duan11 analyzed 
the forces to determine the escape velocity of grains along 
a riverside. The principal acting forces on a grain are 
the lift force, the cohesive force between grains, and the 
submerged weight of the grain. Kotoky et al.12 investigated 
Brahmaputra riverside erosion. Soulie et al.13 observed the 
behavior of wet grains under cohesive forces acting at the 
macro level. Zhang and Li14 performed a simulation study 
to observe the dynamic behavior of cohesive soils. Darby 
and Thorne15 estimated the tension crack zone in riverside 
erosion. Mu and Su16 derived resultant force expressions 
for liquid bridges between grains. Achite and Oullion17 
investigated grain transport phenomena in watersheds. 
Cai and Bhushan18 performed a detailed numerical 
analysis of viscous and meniscus forces on hydrophobic 
and hydrophilic surfaces. During this period, several 
researchers19,20 developed mathematical models to forecast 
soil erosion along riversides.

Mukherjee and Mazumdar21 developed the truncated 
pyramid model for the arrangement of sediment grains 
along riversides. They proposed an extensive equation 
for sediment grain acceleration and escape velocity, 
demonstrating that this velocity is strongly linked to inter-
grain gap and the amount of interstitial water. Al-Shemmeri22 

established a relationship between the dynamic viscosity 
of water and environmental temperature, indicating that 
dynamic viscosity exhibits a non-linear relationship with 
temperature. Chen et al.23 developed a mathematical 
framework to analyze the delayed failure of unsaturated 
soil elements subjected to saturation, where the stability 
conditions of saturated viscous soils were considered. 
Similarly, Chen and Buscarnera24 investigated unsaturated 
porous media through an analytical approach. Zhanlin 
and Fengxi25 examined Bingham slurry and explored its 
diffusion in porous media using seepage theory, with their 
findings aligning with the transition to a saturated state.

In addition, several researchers26-28 examined the viscous 
behavior of unsaturated soils using both experimental and 
analytical approaches. Biswas et al.29 developed a model to 
study the rise and fall of water levels associated with planar 
failure of riverside blocks. An et al.30 evaluated the effect of 
temperature on the channel gap of electronic devices and 
identified the optimal gap between the channel and drain 
metals for thermal performance. Szabo et al.31 discussed 
water management in detail in their book, where they clearly 
explained changes in sediment transport parameters, such 
as shear stress, with variations in discharge. Yang et al.32 
developed a theoretical model to explain the dependence 
of nanofluid viscosity on different physical parameters, 
primarily temperature. They demonstrated that this model 
provides more accurate predictive results than many well-
known empirical correlations.

In most published studies, the effects of viscous force, 
cohesive force, or temperature were considered separately. 
However, in reality, these effects coexist. Therefore, a 
microscale analysis that combines all of these effects is 
essential. In this study, the nature of sediment transport 
under different conditions is analyzed across multiple 
parameters, and the resulting escape velocity is used to 
quantify erosion rate.

The viscous force model proposed by Zhang and 
Li14 and the cohesive force model suggested by Soulie 
et al.13 were applied within the truncated pyramid model 
developed by Mukherjee and Mazumdar.21 The expression 
for the variation of dynamic viscosity with temperature, 
as given by Al-Shemmeri,22 was incorporated. The present 
work provides a comprehensive prediction of sediment 
grain behavior under the combined influence of cohesive 
and temperature-dependent viscous forces.
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2. Methodology
2.1. Force analysis

A liquid bridge formed between two adjacent sediment grains 
under conditions of low water content leads to cohesion. 
Cohesive force analysis is based on the assumed geometry 
of the water bridge. Soulie et al.13 derived expressions for 
cohesive force in terms of geometric parameters and 
physical quantities. For a pair of neighboring grains with 
radii R1 and R2, and an inter-grain gap δ, the cohesive force 
is calculated according to Equation I:

F R R c a R bs � � � � �� ��
�

�
��� �1 2 exp / � (1)

where Fs is the cohesive force joining two neighboring 
grains (N); σ is the surface tension coefficient (N/m); a, 
b, and c are coefficients considered to be functions of the 
volume of entrapped water, V (V in nl); ∅ is the contact 
angle (radians), and R = max(R1,R2). The expressions for a, 
b, and c are given as:

a = −1.1(V/R3)−0.53� (2)

b = (−0.148ln(V/R3)−0.96) ∅2−0.0082ln(V/R3) + 0.48� (3)

c = 0.0018ln((V)/R3)+0.078� (4)

At the liquid bridge zone, the viscosity forces acting 
between two grains can be decomposed into normal and 
tangential components. Zhang and Li14 proposed that the 
vicious force is a function of both physical and geometric 
parameters. For a pair of side-by-side sediment grains with 
radii R1 and R2, and an inter-grain separation gap δthe 
tangential and normal viscous forces are expressed as:

Ft = 6πηR* vt [(8/15){ln(R*/δ)}+0.9588]� (5)

Fn = 6πηR* vn {R*/δ}� (6)

where Fn and Ftare the normal and tangential viscous 
force components between a pair of neighboring grains; 
η is the dynamic viscosity coefficient; vt is the relative 
tangential velocity between neighboring grains; vn is the 
relative normal velocity between neighboring grains; and 
R* is given by:

R* = (R1R2)/(R1 + R2)� (7)

In this study, the viscous force model proposed by 
Zhang and Li14 and the cohesive force model proposed by 
Soulie et al.13 were integrated into the truncated pyramid 
model developed by Mukherjee and Mazumdar.21 The 
grain array in this model, along with an enlarged view 
of a grain pair connected by a liquid bridge, is shown in 
Figures 1 and 2, respectively.

Here, the tangential velocity between two adjacent 
grains, vt, is defined as:

vt = δ/Ts� (8)

where Ts is the separation time required for a pair of 
adjacent grains, as proposed by Cai and Bhushan.18

The normal velocity between two adjacent grains, vn, is 
formulated as:

vn = (R1 + R2)/Ts� (9)

This relation arises from the fact that complete 
separation occurs when the total distance traversed along 
the normal direction equals (R1 + R2).

Moreover, the dynamic viscosity coefficient, η, is 
considered to vary with environmental temperature T, as 
given by Al-Shemmeri:22

� � � �2 414 10 105
247 8

140.
.

x x T � (10)

When temperature is given in Celsius, Equation 10 is 
expressed as:

� � � �2 414 10 105
247 8

133.
.

x x T � (11)

2.2. Basic framework

Figure 1 depicts the arrangement of grains, while Figure 2 
illustrates two neighboring grains. In this arrangement, 
each grain was placed atop two grains to ensure stability. 
The riverside configuration depends on grain size, inter-
grain gap, and liquid bridge volume. Grains were assumed 

Figure 2. Representation of two neighboring grains connected by a liquid 
bridge with equal radii (R) and inter-grain separation distance (δ)

Figure  1. Sediment grain orientation in the truncated pyramid model, 
showing a trapezium-like arrangement that provides greater stability
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to be spherical and materially homogeneous. The surface 
contact angle was taken as zero, considering pure water 
in the present analysis. Angles were determined by taking 
the radii of the three neighboring grains. In the truncated 
pyramid model, all spherical grains were assumed to have 
equal grain size (i.e., having equal radii, R). In addition, all 
grains were considered to be separated by an equal inter-
grain distance. The truncated pyramid model exhibits a 
trapezium-like arrangement for greater stability and was 
therefore adopted.

2.3. Expression for the escape velocity

Figure 3 illustrates the forces acting on grains e and f. Here, 
f represents the x-direction coordinate and e represents the 
y-direction coordinate. Fs, Ft, and Fn indicate cohesive 
force, viscous tangential force, and viscous normal force 
between two neighboring grains, respectively. FG is the 
weight of the submerged grain. When the equilibrium of a 
dynamic nature is considered, the minimum acceleration 
required to detach a grain from the riverside, known as the 
impending acceleration, can be determined for both 
the x-  and y-components of acceleration. The velocity of 
the grain corresponding to this minimum acceleration, 
referred to as the escape velocity, is obtained from the 
impending acceleration itself. The mass of e, f is given as 
4 3� �Re f s, , assuming each grain is a sphere, where ρs is the 
sediment grain material density.

Figure 3. Force diagram of sediment grain (e,f) showing the interactions 
between the forces and their neighboring grains

The angles between the adjacent grains and the central 
grain, e, f, expressed in terms of their cosines and based 
on the radii of the three neighboring grains, are given as 
(Equations 12-15 See Page no 6):

The impending acceleration along the x-direction is 
calculated as (Equations 16-28 See Page no 6-7): 

The impending acceleration along the y-direction is 
calculated as: (Equations 29-47 See Page no 7-10): 

In addition, g denotes gravitational acceleration and ρ 
indicates water density.

The resulting impending acceleration of sediment grain 
e, f is expressed as:

f x ye f e f e f, , ,

.
� �� � 

2 2 0 5
� (48)

According to Duan,11 the sediment grain e, f is considered 
entrained when it is lifted by a gap equal to its diameter. 
From the law of conservation of linear momentum, the 
escape velocity of the sediment grain e, f is given by:

Vescape e,f = (2Re,f fe,f)0.5� (49)

The escape velocity is a function of the entrainment 
rate. For specific cases, volumetric bank erosion may be 
derived by determining the entrainment rate of grains, 
the deposition rate of grains, and porosity. According to 
Duan,11 from available field data, the entrainment rate 
of grains, deposition rate of grains, and porosity can be 
obtained. Considering already established relationships 
of these parameters with escape velocity, the volumetric 
erosion rate can be quantified under cohesive and viscous 
forces.

3. Results and discussion
Mukherjee and Mazumdar21 derived the escape velocity of 
grains by considering only cohesive forces at the riverside 
(f = 1). They assumed all grains had an equal diameter of 
0.0008  m. To determine the grain’s escape velocity, they 
considered the following parameters:

(i)	 Liquid bridge volume, V = 20 nL.
(ii)	 Surface tension coefficient,σ = 0.073 N/m.
(iii)	Contact angle,∅ = 0 (assuming pure water for 

simplicity).
(iv)	 Water density, ρ = 1,000 kg/m3.
(v)	 Grain material density, ρs = 2,650 kg/m3.

Their findings were adopted in the present study 
to validate the escape velocity using the same input 
parameters.

Using the above parameters, the dynamic viscosity 
coefficient η was determined for water at temperatures 
ranging from 10°C to 40°C, expressed as a function of 
temperature. In addition, three separation times () were 
considered: 10−7 s, 10−4 s, and 1 s.

Tables  1 and 2 summarize the changes in escape 
velocity with respect to inter-grain separation gap, both for 
cohesion alone and for the combined effect of viscous and 
cohesive forces. For the viscous force, the thermal effect on 
escape velocity at a fixed separation gap was also examined 
for each separation time and liquid bridge volume.

Figures 4-6 depict the changes in grain escape velocity 
with varying inter-grain separation gaps, considering 
either cohesive force alone or the combination of viscous 
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and cohesive forces, under different temperatures and 
separation times, for a constant bridge volume of 20 nL.

Figures 4-6 illustrate that the escape velocity requirement 
decreases as the inter-grain separation gap increases. The 
results indicate that at larger separation gaps, significantly 
lower escape velocity is required for the separation of a 
sediment grain from the bank. In addition, as temperature 
increases from 10°C to 40°C, the escape velocity decreases 
at a given separation gap, separation time, and liquid bridge 

volume. This temperature rise results in a reduction in the 
dynamic viscosity coefficient and viscous force of the liquid 
due to the decrease in intermolecular cohesive force.

At a given liquid bridge volume (e.g., 20 nL), the 
escape velocity requirement considering both viscous 
and cohesive forces was significantly greater than that 
considering cohesive force alone at a separation time 
of 10−7  s, as suggested by Cai and Bhushan.18 The escape 
velocity decreased with increasing separation time, taken 

Table 1. Escape velocity at a separation time of 10−7 s for 20 nL liquid bridge volume

Separation 
gap (m)

Escape velocity due to 
cohesive force (m/s)

Escape velocity due to cohesive and viscous force (m/s) at different temperatures

10°C 15°C 20°C 25°C 30°C 35°C 40°C

0.000145 0.3944 10.2200 9.5539 8.9707 8.4568 8.0012 7.5951 7.2314

0.000150 0.3899 10.0451 9.3905 8.8173 8.3121 7.8643 7.4652 7.1078

0.000155 0.3855 9.8789 9.2351 8.6714 8.1746 7.7342 7.3417 6.9902

0.000160 0.3812 9.7207 9.0872 8.5325 8.0437 7.6103 7.2242 6.8782

0.000165 0.3769 9.5698 8.9462 8.4001 7.9188 7.4923 7.1121 6.7715

0.000170 0.3727 9.4258 8.8116 8.2737 7.7997 7.3796 7.0051 6.6697

Table 2. Escape velocity at a separation time of 10−4 s for 20 nL liquid bridge volume

Separation 
gap (m)

Escape velocity due to 
cohesive force (m/s)

Escape velocity due to cohesive and viscous force (m/s) for different temperatures

10°C 15°C 20°C 25°C 30°C 35°C 40°C

0.000145 0.3944 0.4396 0.4309 0.4242 0.4191 0.4150 0.4118 0.4092

0.000150 0.3899 0.4344 0.4259 0.4194 0.4143 0.4103 0.4072 0.4047

0.000155 0.3855 0.4293 0.4210 0.4146 0.4097 0.4058 0.4027 0.4002

0.000160 0.3812 0.4244 0.4163 0.4100 0.4052 0.4013 0.3983 0.3959

0.000165 0.3769 0.4197 0.4117 0.4056 0.4008 0.3970 0.3940 0.3916

0.000170 0.3727 0.4151 0.4073 0.4012 0.3965 0.3927 0.3898 0.3874

Figure 4. Escape velocity versus inter-grain separation gap at a separation 
time of 10−7 s and 20 nL liquid bridge volume

Figure 5. Escape velocity versus inter-grain separation gap at a separation 
time of 10−4 s and 20 nL liquid bridge volume
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as 10−4 s and 1 s, at a fixed separation gap and temperature. 
Cai and Bhushan18 demonstrated that the influence of 
viscosity at a particular liquid bridge persists only for short 
durations, such as a separation time of 10−7 s. Beyond this 
duration, the impact of viscosity diminishes, and the effect 
of cohesion increases. It was observed that at a separation 
time of 1 s, the effect of viscous force vanished, and the 
escape velocity values were identical to those obtained 
when considering cohesive force alone, as shown in 
Figure 6.

With the disappearance of viscous effects at 1 s, the 
effect of temperature on escape velocity also vanishes. 
As shown in Figure 6, all temperature-dependent curves 
overlap with the cohesion-only curve, appearing as a 
single curve. The escape velocity values were compared 
with the results reported by Mukherjee and Mazumdar21 

for a 20-nL liquid bridge (Tables 1 and 2). These findings 

cos , : , , , , , , ,� e f e f R R R R R Re f e f e f e f e f e f�� � � �� � � �� � � �� � � �1 1
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2
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�
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�
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���� � �, , , , , ,/ cos ,exp ff e f: ,� � � (17)

where:
(i)	 Fs1x is the x-direction cohesive force between grains e, f, and e−1, f

F R R c a R b es x e f e f e f e f e f e f2 1 1� � � � �� ��
��

�
��

�� ��� � �, , , , , ,/ cosexp 11 1, : ,f e f�� � � (18)

where:
(ii)	 Fs2x is the x-direction cohesive force between grains e, f, and e−1, f−1

F R R c a R bs x e f e f e f e f e f e f3 1� � � � �� ��
��

�
����� �, , , , , ,/exp � (19)

where:
(iii)	Fs3x is the x-direction cohesive force between grains e, f, and e, f−1

Figure 6. Escape velocity versus inter-grain separation gap at a separation 
time of 1 s and 20 nL liquid bridge volume
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F R R c a R bs x e f e f e f e f e f e f4 1 1 1 1 1� � � � �� ��
��

�
��� � � � ��� �, , , , , ,/exp ccos , : ,� e f e f�� �1 � (20)

where:
(iv)	 Fs4x is the x-direction cohesive force between grains e, f, and e+1, f

F R R c a R bs x e f e f e f e f e f e f5 1 1 1 1 1 1 1 1 1� � � � �� � � � � � � � ��� �, , , , , ,/exp ��� ��
��

�
��

� �� �1 1 1cos , : ,� e f e f � (21)

where:
(v)	 Fs5x is the x-direction cohesive force between grains e, f, and e+1, f+1

F R R c a R bs x e f e f e f e f e f e f6 1 1 1 1 1� � � � �� ��
��

�
��� � � � ��� �, , , , , ,/exp � (22)

where:
(vi)	 Fs6x is the x-direction cohesive force between grains e, f, and e, f+1

F R R R R T R Rt x e f e f e f e f s e f e1 1 1 16 8 15� � � �� �� �� � � �� � ��� �, , , , ,/ / / ln ,, , ,/ . cos , : ,f e f e fR R e f e f� � �� �� �� ���
��

�
��

�� ��� �1 0 9588 1 � (23)

where:
(vii)	Ft1x is the x-direction tangential viscous force between grains e, f, and e−1, f

F R R R R T Rt x e f e f e f e f s e f2 1 1 1 16 8 15� � � �� �� �� � � �� � � ��� �, , , , ,/ / / ln RR R R e f ee f e f e f� � � �� � �� �� �� ���
��

�
��

� �1 1 1 1 0 9588 1 1, , ,/ . cos , :� � ,, f� �

� (24)
where:
(viii)	Ft2x is the x-direction tangential viscous force between grains e, f, and e−1, f−1

F R R R R T R Rt x e f e f e f e f s e f e f3 1 16 8 15� � � �� �� �� � � �� ��� �, , , , , ,/ / / ln �� �� � �� �� �� ���
��

�
��1 1 0 9588/ ., ,� R Re f e f � (25)

where:
(ix)	 Ft3x is the x-direction tangential viscous force between grains e, f, and e, f−1

F R R R R T R Rt x e f e f e f e f s e f e4 1 1 16 8 15� � � �� �� �� � � �� � ��� �, , , , ,/ / / ln ,, , ,/ . cos , : ,f e f e fR R e f e f� � �� �� �� ���
��

�
��

�� ��� �1 0 9588 1 �(26)

where:
(x)	 Ft4x is the x-direction tangential viscous force between grains e, f, and e+1, f 

F R R R R T Rt x e f e f e f e f s e f5 1 1 1 16 8 15� � � �� �� �� � � �� � � ��� �, , , , ,/ / / ln RR R R e f e fe f e f e f� � � �� � �� �� �� ���
��

�
��

�1 1 1 1 0 9588 1, , ,/ . cos , : ,� � ��� �1

� (27)
where:
(xi)	 Ft5x is the x-direction tangential viscous force between grains e, f, and e+1, f+1

F R R R R T R Rt x e f e f e f e f s e f e f6 1 16 8 15� � � �� �� �� � � �� ��� �, , , , , ,/ / / ln �� �� � �� �� �� ���
��

�
��1 1 0 9588/ ., ,� R Re f e f � (28)

where:
(xii)	Ft6x is the x-direction tangential viscous force between grains e, f, and e, f+1
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where:
(xiii)	Fn1x is the x-direction normal viscous force between grains e, f, and e−1, f

F R R R R R R Tn x e f e f e f e f e f e f2 1 1 1 1
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where:
(xiv)	Fn2x is the x-direction normal viscous force between grains e, f, and e−1, f−1

F R R R R R R Tn x e f e f e f e f e f e f s4 1 1
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where:
(xv)	Fn4x is the x-direction normal viscous force between grains e, f, and e+1, f
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where:
(xvi)	Fn5x is the x-direction normal viscous force between grains e, f, and e+1, f+1
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where:
The impending acceleration along the y-direction is calculated as
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where:
(i)	 Fs1y is the y-direction cohesive force between grains e, f, and e−1, f

F R R c a R bs y e f e f e f e f e f e f2 1 1 1� � � � �� ��
��

�
��

�� ��� � �, , , , , ,/ cosexp ee f e f� �� ��� ��1 1
0 5

, : ,
.

� (35)

where:
(ii)	 Fs2y is the y-direction cohesive force between grains e, f, and e−1, f−1 

F R R c a R bs y e f e f e f e f e f e f4 1 1 1 1 1� � � � �� ��
��

�
��� � � � ��� �, , , , , ,/exp 11 1

0 5
� �� ��� ��cos , : ,

.
� e f e f � (36)

where:
(iii)	Fs4y is the y-direction cohesive force between grains e, f, and e+1, f

F R R c a R bs y e f e f e f e f e f e f5 1 1 1 1 1 1 1 1 1� � � � �� � � � � � � � ��� �, , , , , ,/exp ��� ��
��

�
��

� � �� ��
�

�
�1

0 5
1 1 1cos , : ,

.
� e f e f � (37)

where:
(iv)	 Fs5y is the y-direction cohesive force between grains e, f, and e+1, f+1
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��

�
��

� �� ��
�

�
��� �1 0 9588 1 1

00 5.

� (38)
where:
(v)	 Ft1y is the y-direction tangential viscous force between grains e, f, and e−1, f 

F R R R R T Rt y e f e f e f e f s e f2 1 1 1 16 8 15� � � �� �� �� � � �� � � ��� �, , , , ,/ / / ln RR R R e fe f e f e f� � � �� � �� �� �� ���
��

�
��

� � �1 1 1 1 0 9588 1 1 1, , ,/ . cos ,� � :: ,
.

e f� ��� ��
0 5 	

� (39)
where:
(vi)	 Ft2y is the y-direction tangential viscous force between grains e, f, and e−1, f−1

F R R R R T R Rt y e f e f e f e f s e f e4 1 1 16 8 15� � � �� �� �� � � �� � ��� �, , , , ,/ / / ln ,, , ,/ . , : ,f e f e fR R s e f e f� � �� �� �� ���
��

�
��

� �� ��� ���� �1 0 9588 1 1co
00 5.

� (40)
where:
(vii)	Ft4y is the y-direction tangential viscous force between grains e, f, and e+1, f

F R R R R T Rt y e f e f e f e f s e f5 1 1 1 16 8 15� � � �� �� �� � � �� � � ��� �, , , , ,/ / / ln RR R R e f ee f e f e f� � � �� � �� �� �� ���
��

�
��

� �1 1 1 1 0 9588 1 1, , ,/ . cos , :� � ,,
.

f �� ��� ��1
0 5

� (41)
where:
(viii)	Ft5y is the y-direction tangential viscous force between grains e, f, and e+1, f+1

F R R R R R R Tn y e f e f e f e f e f e f s1 1 1

2

16� � � �� �� � �� � � �� �� � ��� �, , , , , ,/ / ccos , : ,� e f e f�� �1 � (42)

where:
(ix)	 Fn1y is the y-direction normal viscous force between grains e, f, and e−1, f

F R R R R R R Tn y e f e f e f e f e f e f2 1 1 1 1

2

1 16� � � �� �� � �� �� � � � � ��� , , , , , ,/ / ss e f e f� �� �� � � �� �cos , : ,1 1 � (43)

where:
(x)	 Fn2y is the y-direction normal viscous force between grains e, f, and e−1, f−1

F R R R R R R Tn y e f e f e f e f e f e f s3 1 1

2

16� � � �� �� � �� � � �� �� � ��� �, , , , , ,/ / � (44)

where:
(xi)	 Fn3y is the y-direction normal viscous force between grains e, f, and e, f−1

F R R R R R R Tn y e f e f e f e f e f e f s4 1 1

2

16� � � �� �� � �� � � �� �� � ��� �, , , , , ,/ / ccos , : ,� e f e f�� �1 � (45)

where:
(xii)	Fn4y is the y-direction normal viscous force between grains e, f, and e+1, f

F R R R R R R Tn y e f e f e f e f e f e f5 1 1 1 1

2

1 16� � � �� �� � �� �� � � � � ��� , , , , , ,/ / ss e f e f� �� �� � � �� �cos , : ,1 1 � (46)

where:
(xiii)	Fn5y is the y-direction normal viscous force between grains e, f, and e+1, f+1
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highlight that a threshold separation time of 1 s exists, 
beyond which the effect of viscosity becomes negligible 
and cohesion prevails.

4. Conclusion
Along the riverside, the gap between sediment grains varies 
depending on local conditions. Thus, a general approach 
proves highly useful. The inbuilt flexibility of the truncated 
pyramid model allows for the integration of multiple 
degrees of freedom, such as sediment grain dimensions, 
inter-grain separation gaps, geometrical arrays of sediment 
grains, separation times, and environmental temperatures. 
Most published studies have focused on either viscous 
force or cohesive force. In this study, the combined effects 
of both viscous and cohesive forces, along with thermal 
variation, were considered and thoroughly investigated. 
The main findings are as follows:
(i)	 The grain escape velocity along the riverside decreases, 

making the bank more vulnerable, as the inter-grain 
separation gap increases.

(ii)	 The combined effect of viscous and cohesive forces 
results in a significant increase in the escape velocity 
requirement of a grain, indicating greater riverside 
stability compared to conditions where only cohesion 
is considered at shorter separation times.

(iii)	For a given inter-grain separation gap, separation 
time, and liquid bridge volume, the escape velocity of a 
sediment grain decreases with increasing temperature.

(iv)	 The effect of temperature is valid only up to a threshold 
separation time of 1 s. Beyond this duration, the effect 
of viscosity and temperature becomes negligible, and 
the effect of force of cohesion prevails.

The present study investigated sediment grain behavior 
in different microscale cases. Predicting the velocity 
requirement of a sediment grain with temperature for a 
limiting separation time, considering both viscous and 
cohesive effects, is essential for practical applications. In 
addition, the temperature of water in soil varies instead of 
remaining constant. Based on the analysis, the behavior 
of sediment grains across varying conditions can be 
effectively predicted by determining the escape velocity of 
a grain, which plays a critical role in riverside erosion.

The truncated pyramid model fits well with variations 
in parameters such as grain size, separation gap between 

grains, liquid bridge volume, and environmental 
temperature. However, this model is limited to two-
dimensional cases, whereas in reality, all cases are three-
dimensional. Therefore, future studies should focus on 
extending the truncated pyramid model from a two-
dimensional to a three-dimensional basis to enable finer 
data interpretation and more accurate results.

Furthermore, this microscale analysis can be extended 
to incorporate additional factors such as vegetation 
effects and the impact of geotextiles, thereby enhancing 
robustness depending on the data available in real-world 
situations. Geotextile membranes can function as filters 
between water and sediment grains, allowing water to 
pass through while retaining grains, thereby increasing 
bank stability. Vegetation mitigates erosion through plant 
root systems that bind soil particles. Thus, integrating 
geotextile membrane and vegetative root system models 
into the truncated pyramid model could yield more 
realistic results.
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where:
(xiv)	Fn6y is the y-direction normal viscous force between grains e, f, and e, f+1 

All notations used in the text are listed under Appendix.
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Ft2y = y-direction viscous tangential force linking grains e, 
f, and e−1, f−1, N

Ft4y = y-direction viscous tangential force linking grains e, 
f, and e+1, f, N

Ft5y = y-direction viscous tangential force linking grains e, 
f, and e+1,f+1, N

Fn1x = x-direction viscous normal force linking grains e, f, 
and e−1, f, N

Fn2x = x-direction viscous normal force linking grains e, f, 
and e−1, f−1, N

Fn4x = x-direction viscous normal force linking grains e, f, 
and e+1,f, N

Fn5x = x-direction viscous normal force linking grains e, f, 
and e+1,f+1, N

Fn1y = y-direction viscous normal force linking grains e, f, 
and e−1, f, N

Fn2y = y-direction viscous normal force linking grains e, f, 
and e−1, f−1, N

Fn3y = y-direction viscous normal force linking grains e, f, 
and e, f−1, N

Fn4y = y-direction viscous normal force linking grains e, f, 
and e+1, f, N

Fn5y = y-direction viscous normal force linking grains e, f, 
and e+1, f+1, N

Fn6y = y-direction viscous normal force linking grains e, f, 
and e, f+1, N

FG e,f = Submerged weight of sediment grain e, f, N
Me,f = Mass of sediment grain e, f, kg
xe f, = x-direction impending acceleration of sediment 

grain e, f, m/s2

ye f,  = y-direction impending acceleration of sediment 
grain e, f, m/s2

fe,f = The resulting impending acceleration of sediment 
grain e, f, m/s2

Vescape e,f = Escape velocity of grain e, f from riverside, m/s
g = Gravitational acceleration, m/s2

ρ = Water density, kg/m3

ρs = Material density of sediment grains, kg/m3

σ = Coefficient of surface tension, n/m
η = Dynamic viscosity coefficient, pa-s
∅ = Contact angle, radians
V = Liquid bridge volume, nL

Appendix
Notations

ae,f, be,f, and ce,f coefficients used in the cohesive force 
equation linking a pair of grains with the bigger grain 
being e, f
Re,f = Radius of grain e, f, m
δ = Inter-grain separation gap, m
TS = Separation time, s
T = Temperature, °C
Fs1x = x-direction cohesive force linking grains e, f, and e−1, 

f, N
Fs2x = x-direction cohesive force linking grains e, f, and e−1, 

f−1, N
Fs3x = x-direction cohesive force linking grains e, f, and e, 

f−1, N
Fs4x = x-direction cohesive force linking grains e, f, and e+1, 

f, N
Fs5x = x-direction cohesive force linking grains e,f, and 

e+1,f+1, N
Fs6x = x-direction cohesive force linking grains e, f, and e, 

f+1, N
Fs1y = y-direction cohesive force linking grains e, f, and e−1, 

f, N
Fs2y = y-direction cohesive force linking grains e, f, and e−1, 

f−1, N
Fs4y = y-direction cohesive force linking grains e, f, and e+1, 

f, N
Fs5y = y-direction cohesive force linking grains e, f, and e+1, 

f+1, N
Ft1x = x-direction viscous tangential force linking grains e, 

f, and e−1, f, N
Ft2x = x-direction viscous tangential force linking grains e, 

f, and e−1, f−1, N
Ft3x = x-direction viscous tangential force linking grains e, 

f, and e, f−1, N
Ft4x = x-direction viscous tangential force linking grains e, 

f, and e+1, f, N
Ft5x = x-direction viscous tangential force linking grains e,f, 

and e+1, f+1, N
Ft6x = x-direction viscous tangential force linking grains e,f, 

and e, f+1, N
Ft1y = y-direction viscous tangential force linking grains e, 

f, and e−1, f, N
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Abstract
Urban lakes in Dhaka are increasingly subjected to environmental degradation due 
to rapid urbanization and inadequate wastewater management. This study aims 
to assess and compare the water quality of three major urban lakes—Gulshan, 
Dhanmondi, and Hatirjheel—across four seasons—winter, pre-monsoon, monsoon, 
and post-monsoon—by analyzing key physicochemical parameters. In this study, 
data on various water quality parameters, including pH, dissolved oxygen (DO), 
biochemical oxygen demand (BOD), chemical oxygen demand (COD), total dissolved 
solids (TDS), turbidity, suspended solids, electrical conductivity (EC), chloride, and 
alkalinity, measured using standard methods, were referenced from the Bangladesh 
government’s national report on water quality. The results revealed seasonal 
and spatial variations in water quality, with monsoon seasons showing dilution 
effects while pre-monsoon values indicate peak pollution. Among the three lakes, 
Dhanmondi Lake demonstrated the best water quality, with average BOD and COD 
levels remaining within environmental quality standards and DO concentrations that 
support aquatic life. Conversely, Gulshan Lake was found to be the most polluted, 
with BOD levels reaching up to 48 mg/L, COD up to 202 mg/L, turbidity as high as 208 
NTU, and DO dropping to 0.12 mg/L. Hatirjheel Lake exhibited moderate pollution 
levels, with elevated TDS and EC values, particularly in the post-monsoon season. 
The study concludes that the urban lake system of Dhaka, particularly Gulshan and 
Hatirjheel, is subject to immense water quality degradation; therefore, compulsory 
lake management and pollution prevention actions should be adopted to enhance 
the ecological and recreational significance of the lakes.

Keywords: Dhaka Metropolitan City; Water quality; Seasonal variation; Gulshan Lake; 
Dhanmondi Lake; Hatirjheel Lake

1. Introduction
Water is crucial for life and plays a foundational role in ecological sustainability, 
public health, and economic development.1 In Bangladesh, although water is naturally 
abundant, rapid urbanization and inadequate waste management practices have severely 
impacted the quality of surface water bodies, particularly in metropolitan areas.2,3 One 
of the most densely inhabited cities in the world, Dhaka is rapidly transforming into an 
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urban hotspot,4 resulting in the degradation of its natural 
water systems. Gulshan, Dhanmondi, and Hatirjheel Lakes 
are among them, which traditionally served as significant 
elements of the urban landscape, offering both drainage 
and recreational, as well as ecological services.5,6 As 
Dhaka continues to expand, the burden on these lakes has 
intensified. Hatirjheel, covering around 302 acres, currently 
manages nearly one-third of the city’s stormwater, linking 
various parts of the town and offering both infrastructural 
and recreational value.7,8 However, like many urban water 
bodies, it now suffers from declining water quality due to 
the inflow of untreated wastewater, industrial discharges, 
and domestic sewage.9 Similarly, Dhanmondi Lake, located 
in a highly residential area, and Gulshan Lake, situated in 
one of Dhaka’s elite neighborhoods, are facing increasing 
environmental degradation due to human encroachment, 
solid waste dumping, and poor regulatory enforcement.6,9,10

In environmental assessments, physicochemical 
parameters serve as pivotal indicators of water quality.11 
These comprise pH, dissolved oxygen (DO), biochemical 
oxygen demand (BOD), chemical oxygen demand (COD), 
total dissolved solids (TDS), turbidity, chloride, suspended 
solids (SS), alkalinity, and electrical conductivity (EC). 
Each of these parameters offers insights into the chemical 
stability and ecological health of a water body.12,13 The pH 
level reflects the water’s acidity or alkalinity, which affects 
aquatic life and the solubility of nutrients and metals.14 DO 
is vital for the survival of marine organisms, and levels 
below 5  mg/L often indicate ecological stress.15,16 BOD 
represents the amount of oxygen required for microbial 
decomposition of organic matter, while COD measures 
the total oxygen needed to oxidize both organic and 
inorganic pollutants.17,18 TDS accounts for the presence 
of dissolved salts and minerals, with the World Health 
Organization recommending values below 1000 mg/L for 
safe use.19 Turbidity measures water clarity and impacts 
photosynthesis in aquatic plants.20 Chloride concentration, 
often elevated due to domestic waste, can affect the taste and 
corrosiveness of water.21 SS contributes to sedimentation 
and turbidity, degrading aquatic habitats.22 Alkalinity 
reflects the water’s ability to resist pH changes, maintaining 
chemical stability.14 EC is an indicator of the water’s ion 
concentration and is typically used to evaluate its mineral 
content. The World Health Organization recommends a 
maximum EC of 1200 µS/cm for drinking water, although 
lower values are usually found in ecologically healthy 
lakes.23-25

These parameters are essential not only for 
environmental control but also as indicators in 
making comparisons that will lead to compliance with 
international standards. The values are also influenced 

by seasons. In tropical climates such as Bangladesh, 
variations across winter, pre-monsoon, monsoon, and 
post-monsoon seasons can significantly impact water 
quality by altering temperature, runoff volume, and 
organic matter concentration.26-28 Understanding these 
seasonal dynamics is essential for designing effective water 
resource management and pollution control strategies.

Although numerous studies have been conducted 
on the water quality of individual lakes in Dhaka,15,16,28-30 
there remains a lack of comparative research that analyzes 
seasonal variations in water quality across multiple lakes 
using a broad spectrum of standard parameters. Most 
previous assessments do not integrate both interlake 
and intraseasonal comparisons or consistently evaluate 
results against international environmental benchmarks. 
This gap limits the broader understanding of how urban 
pressures affect water bodies differently over time and 
space, emphasizing the need for global standards in 
environmental research.

A comprehensive comparative study involving 
physicochemical parameters across all major seasons is 
essential to evaluate the current state of Dhaka’s urban 
lakes. By systematically analyzing and comparing Gulshan, 
Dhanmondi, and Hatirjheel Lakes with environmental 
standards, this research seeks to identify which lakes 
are under critical ecological threat and which seasonal 
periods show heightened vulnerability. These findings, 
once implemented, will have a significant impact on urban 
water management and restoration planning in one of the 
world’s most water-stressed urban environments.

2. Methodology
This research employed a comparative study of water 
quality parameters of three urban lakes located in Dhaka 
Metropolitan City: Gulshan Lake, Dhanmondi Lake, and 
Hatirjheel Lake (Figure 1).

Gulshan Lake is located in the northern part of Dhaka at 
approximately 23°48′ N and 90°25′ E. It is the northernmost 
lake in a chain of water bodies that include Hatirjheel and 
the Balu River. The lake stretches 3.8 km with an average 
depth of 2.5 m. It is long and narrow, resembling a natural 
channel. The lake is bordered by Baridhara in the north, 
Tejgaon-Hatirjheel in the south, Gulshan-Banani in the 
west, and Badda in the east.9,16

Dhanmondi Lake lies at the center of Dhaka, between 
23°44′12″ to 23°45′22″ N and 90°22′ to 90°23′ E. It stretches 
from Jigatola to Road 27 and is surrounded by major 
residential zones. The lake is 3 km long and varies in width 
from 35 m to 100 m. It reaches a maximum depth of 4.77 m 
and spans a total surface area of 37.37 ha. Mohammadpur 

https://dx.doi.org/10.36922/EER025310057


Volume 2 Issue 4 (2025)	 3� doi: 10.36922/EER025310057

Seasonal dynamics of urban lake water in Dhaka

Explora: Environment 
and Resource

and Lalmatia bound the lake to the north, Satmasjid Road 
to the west, Border Guard Bangladesh Gate to the south, 
and Kalabagan to the east.16,29

Hatirjheel Lake, situated at 23°44′58.47″ N and 
90°23′48.35″ E, is a centrally located urban water body 
that features recreational and transportation amenities. 
The lake extends 4.1 km in length with an average depth 
of 2.6 m and is up to 460 m wide at its broadest section. 

The surroundings include Gulshan-Banani to the north, 
Maghbazar and Banglamotor to the west, Rampura-Badda 
to the east, and Tejgaon industrial area to the south.16,30-32

2.1. Data source

The present study was conducted using secondary data 
sourced from the official publication titled “Surface 
and Ground Water Quality Report 2022,” prepared and 

Figure 1. Study area map of Gulshan, Dhanmondi, and Hatirjheel Lake
Source: Open Street Map.
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published by the Department of Environment, Ministry of 
Forest, Environment and Climate Change, Government of 
the People’s Republic of Bangladesh.10 This report presents 
credible, methodologically standardized data on surface 
water quality nationwide, making it suitable for academic 
and policy-level analyses. According to the original report, 
the water quality data were collected from the upper 
surface (within a depth of 1 m). Multiple sub-samples were 
collected from random places at midday (usually within a 
5 m interval) within each sampling station, and the sub-
sample data were averaged to form a compact data set for 
each sampling station. The data used in this study focused 
on surface water quality parameters of the three lakes. Out 
of many discrete sampling stations, three distinct locations 
within each of the selected lakes were chosen for this 
analysis (Table 1). This deliberate approach in determining 
specific geographic locations in each lake was strategic 
and designed to capture the spatial variability in the water 
quality of the lake systems.

Furthermore, the original data were gathered for four 
months in 2022 (February, May, August, and November). 
As these months represent the four climatic seasons in 
Bangladesh, February was categorized as winter, May as 
pre-monsoon, August as monsoon, and November as 
post-monsoon. This classification enabled the analysis of 
seasonal variation in water quality within each lake and 
among the three lakes. These data are accessible to the 
public and are reliable because they were gathered and 
recorded officially and scientifically.

2.2. Parameters and analytical methods

A total of 10 physicochemical water quality parameters 
were selected for the assessment. These parameters are 
widely accepted as indicators of surface water quality in 

both domestic and international standards.33,34 The chosen 
parameters are pH, DO, BOD5, COD, TDS, turbidity, SS, 
total alkalinity, and EC. These are critical for characterizing 
the properties of surface water. Although this research 
used secondary data, all the parameters listed above 
were analyzed in the original report using standardized 
laboratory methods approved by national and international 
agencies such as the American Public Health Association.35 
pH was estimated using a standard pH electrode, which 
indicates the degree of acidity or alkalinity of the water. DO 
was determined by the modified Winkler’s method or the 
titrimetric method. This technique measures the oxygen 
concentration dissolved in water, which is crucial to the 
life of aquatic organisms. BOD5 was measured using the 
dilution method after a 5-day incubation period at 20°C. 
This test estimates the oxygen required by microorganisms 
to decompose organic material in water. COD was 
determined using the closed reflux colorimetric method, 
which measures the oxygen equivalent of the organic matter 
that can be oxidized chemically. TDS was analyzed using 
the gravimetric method, where a water sample is filtered 
and the filtrate evaporated to measure the residue weight. 
Turbidity was measured using the nephelometric method, 
which uses light scattering to determine the cloudiness or 
haziness of water caused by SSs. Chloride was determined 
using the argentometric method, a titrimetric process 
where silver nitrate is used to quantify chloride ions in 
the sample. SS was measured using another gravimetric 
method, where solids retained on a filter are dried and 
weighed to determine the concentration. Total alkalinity 
was analyzed using standard titration methods, indicating 
the buffering capacity of the water against pH changes. 
EC was estimated with a standard EC meter, which allows 
detection of the water’s conductivity of an electric current 
as a consequence of the presence of dissolved salts and 
minerals. These are widely used standard procedures for 
precise and dependable results and are routinely employed 
in water quality monitoring programs worldwide.

2.3. Data processing and analysis

The raw data collected from the Surface and Ground 
Water Quality Report 2022 were systematically structured 
in Microsoft Excel. Data on each water parameter were 
tabulated for each lake and by season. In this study, 
statistical analyses such as Pearson’s correlation, type  III 
analysis of variance, coefficient of variance (%), and 
principal component analysis were applied to the water 
quality data to understand the correlation among water 
quality parameters, as well as season-wise and lake-wise 
variations. These data were then compared across the three 
lakes to identify lake-seasonal interactions and trends in 
water quality. The collected data were further evaluated 

Table 1. Sampling stations and their surroundings in the 
selected urban lakes

Study area Sampling 
station

Spatial distribution Surroundings

Gulshan 
Lake

S1 23°48′16″N 90°25′00″E United Hospital 
Limited

S2 23°47′27″N 90°25′19″E Manarat 
International School

S3 23°46′28″N 90°25′05″E Shooting complex

Dhanmondi 
Lake

S1 23°44′45″N 90°22′39″E 8 no. bridge 

S2 23°44′19″N 90°22′35″E Jigatola bus stand

S3 23°45′03″N 90°22′33″E 32 no. bridge 

Hatirjheel 
Lake

S1 23°46′10″N 90°25′16″E Rampura bridge

S2 23°45′41″N 90°24′33″E Kuni para

S3 23°45′16″N 90°24′10″E FDC Mor Bridge
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against national Environmental Quality Standards (EQS) 
and World Health Organization guidelines to assess their 
suitability for ecological functions and public health. Using 
a comparative and seasonal approach, this study aimed to 
evaluate the degree of pollution, identify the most critical 
seasons, and determine which types of lakes most urgently 
require protective measures.

3. Results
The findings on the water quality parameters of three 
urban lakes in Dhaka—Gulshan Lake, Dhanmondi Lake, 
and Hatirjheel Lake—focused on the seasonal variations 
of key water quality parameters within each lake and 
provided a comparative overview across the three lakes. 
The average values, along with their minimum, maximum, 
and standard deviations, are discussed for each parameter 
across different seasons. Furthermore, the observed water 
quality parameters were compared with relevant EQS to 
assess the overall health of these urban aquatic ecosystems.

3.1. Seasonal water quality of Gulshan Lake

The seasonal dynamics of water quality at Gulshan Lake 
exhibited contrasting patterns of influence, both natural 
and anthropogenic. As revealed in Table  2, during the 
winter season, Gulshan Lake had an average pH of 7.46, 
indicating a slight alkalinity, and a moderate DO value of 
5.32 mg/L. The BOD and COD were recorded at 33.33 mg/L 

and 124  mg/L, respectively, suggesting the presence of 
organic pollutants. The average TDS stood at 296  mg/L, 
while turbidity reached 43.6 NTU. EC was relatively high 
at 498 µmhos/cm. Among all sampling stations, Station 
S3 recorded the highest DO value at 6.68 mg/L, reflecting 
localized variations in water quality.

In the pre-monsoon season, the lake experienced 
a sharp rise in pollution indicators. BOD increased 
substantially to an average of 48 mg/L, and COD peaked 
at 202 mg/L. Turbidity rose drastically to 108.6 NTU, while 
SS reached its highest average of 214.7 mg/L. Interestingly, 
DO also peaked during this season, averaging 6.97 mg/L, 
possibly due to algal growth or increased surface aeration. 
Station S3 exhibited high levels of BOD (64 mg/L) and COD 
(343 mg/L), indicating local contamination (Table 2).

During the monsoon, the variation of water quality 
was significantly different, implying the dilution impact 
of precipitation. The DO of the lake decreased drastically, 
reaching a mean value of 1.41 mg/L, the minimum among 
all the seasons, thus registering severe oxygen stress. BOD 
and COD levels declined to 22  mg/L and 82.67  mg/L, 
respectively. TDS also fell to its lowest seasonal average 
of 41.33  mg/L, and turbidity was reduced due to water 
flushing. An extremely low DO value of 0.12  mg/L was 
recorded at Station S1, indicating critical conditions for 
aquatic life (Table 2).

Table 2. Water quality parameters of Gulshan Lake during different seasons

Season Sampling 
station

pH DO 
(mg/L)

BOD 
(mg/L)

COD 
(mg/L)

TDS 
(mg/L)

Turbidity 
(NTU)

Chloride 
(mg/L)

SS 
(mg/L)

Alkalinity 
(mg/L)

EC  
(µmhos/cm)

Winter S1 7.34 3.82 40 130 293 43.6 42 136 204 484

S2 7.32 5.47 32 122 280 61.4 42 159 189 486

S3 7.73 6.68 28 120 315 25.8 42 52 183 524

Avg. 7.46 5.32 33.33 124 296 43.6 42 115.7 192 498

Pre‑monsoon S1 7.19 5.7 45 134 204 63.2 39 192 195 388

S2 7.41 9.4 35 129 201 54.5 33 199 198 394

S3 7.42 5.8 64 343 254 208 48 253 184 440

Avg. 7.34 6.97 48 202 219.7 108.6 40 214.7 192.3 407.3

Monsoon S1 7.01 0.12 22 83 41 47.1 41 92 161 415

S2 7.12 2.1 22 75 41 37.1 41 77 162 443

S3 7.42 2 22 90 42 38.7 42 81 170 430

Avg. 7.18 1.41 22 82.67 41.33 40.97 41.33 83.33 164.3 429.3

Post‑monsoon S1 7.27 5.4 42 76 267 67 40 136 160 360

S2 7.32 5 38 78 269 61.4 44 159 158 356

S3 7.49 6 32 85 288 50.7 40 52 164 365

Avg. 7.36 5.47 37.33 79.67 274.7 59.7 41.33 115.7 160.7 360.3

Abbreviations: Avg.: Average; BOD: Biochemical oxygen demand; COD: Chemical oxygen demand; DO: Dissolved oxygen; EC: Electrical conductivity; 
SS: Suspended solids; TDS: Total dissolved solids.
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Table  2 also showed that the post-monsoon 
measurements reflected some recovery in water quality. 
DO improved to 5.47 mg/L, and BOD and COD increased 
moderately to 37.33  mg/L and 79.67  mg/L, respectively. 
Turbidity remained high at 59.7 NTU, and SS averaged 
115.7 mg/L. Despite partial improvements, Gulshan Lake 
consistently showed higher levels of organic pollution, 
including BOD, COD, turbidity, and SS, compared to the 
other lakes in all seasons.

3.2. Seasonal water quality of Dhanmondi Lake

Dhanmondi Lake showed relatively stable and superior 
water quality across all seasons. In winter, the lake had 
an average pH of 7.57 and recorded the highest average 
DO among all lakes at 6.04  mg/L. BOD and COD were 
low, averaging 6.67  mg/L and 39.67  mg/L, respectively, 
indicating minimal organic pollution. TDS levels were also 
low at 144.3 mg/L, and turbidity was measured at 5.6 NTU. 
SS concentration was only 10 mg/L, confirming the lake’s 
relatively clean status. Station S3 reported the highest DO 
value at 7.14 mg/L (Table 3).

According to Table 3, during the pre-monsoon period, 
DO declined to 4.2  mg/L, yet BOD and COD remained 
low at 4.67 mg/L and 33 mg/L, respectively. Chloride levels 
peaked at 51.33  mg/L, while SS increased to 52  mg/L, 
possibly due to surface runoff. The overall water quality 
remained within acceptable limits.

In the monsoon season, Dhanmondi Lake showed 
improved conditions. DO rose to 5.29 mg/L, and turbidity 
reached its lowest at 1.67 NTU, indicating excellent water 
clarity. BOD remained low at 6.67  mg/L, although COD 
increased to 61 mg/L (Table 3), likely due to accumulated 
organic matter from stormwater discharge.

Table  3 shows that the post-monsoon data reported 
a decrease in DO to 3.23  mg/L, the lowest for the lake. 
However, BOD and COD levels declined further to 
2.5 mg/L and 27 mg/L, respectively. Turbidity increased to 
44.33 NTU, possibly influenced by sediment disturbance. 
Despite seasonal fluctuations, Dhanmondi Lake 
consistently exhibited better water quality than Gulshan 
and Hatirjheel Lakes, with lower values of BOD, COD, 
turbidity, and TDS throughout the year.

3.3. Seasonal water quality of Hatirjheel Lake

Hatirjheel Lake exhibited a range of conditions from 
moderately polluted to stressed throughout the seasons. 
In winter, the lake showed a slightly alkaline average pH 
of 7.7. DO was relatively low at 3.06  mg/L, and BOD 
and COD were 29  mg/L and 103  mg/L, respectively, 
indicating moderate pollution. TDS levels were highest 
among the three lakes at 313  mg/L, while EC peaked at 
556.7 µmhos/cm. Station S1 recorded the maximum EC 
value of 597 µmhos/cm (Table 4).

Table 3. Water quality parameters of Dhanmondi Lake during different seasons

Season Sampling 
station

pH DO 
(mg/L)

BOD 
(mg/L)

COD 
(mg/L)

TDS 
(mg/L)

Turbidity 
(NTU)

Chloride 
(mg/L)

SS 
(mg/L)

Alkalinity 
(mg/L)

EC 
(µmhos/cm)

Winter S1 7.49 5.27 6 27 138 5.6 29 9 86 251

S2 7.54 5.71 8 58 134 4.5 26 8 95 242

S3 7.68 7.14 6 34 161 6.7 28 13 89 290

Avg. 7.57 6.04 6.67 39.67 144.3 5.6 27.67 10 90 261

Pre‑monsoon S1 7.35 4.5 4 26 142 5.33 51 42 101 277

S2 7.19 3.2 6 32 146 18.4 47 67 114 281

S3 7.39 4.9 4 41 160 6.22 56 47 102 311

Avg. 7.31 4.2 4.67 33 149.3 9.98 51.33 52 105.7 289.7

Monsoon S1 7.46 5.86 8 34 132 1.6 33 12 89 302

S2 7.39 5 6 73 136 1.9 29 14 92 268

S3 7.52 5 6 76 150 1.5 35 15 90 294

Avg. 7.46 5.29 6.67 61 139.3 1.67 32.33 13.67 90.33 288

Post‑monsoon S1 7.62 4.3 2.8 30 121.7 56 29 48 89 222

S2 7.49 2.1 1.4 10 127.2 7 31 5 91 233

S3 7.65 3.3 3.3 41 148.9 70 35 62 105 274

Avg. 7.59 3.23 2.5 27 132.6 44.33 31.67 38.33 95 243

Abbreviations: Avg.: Average; BOD: Biochemical oxygen demand; COD: Chemical oxygen demand; DO: Dissolved oxygen; EC: Electrical conductivity; 
SS: Suspended solids; TDS: Total dissolved solids.
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Pre-monsoon observations reflected a further decline 
in water quality. DO dropped to 2.4  mg/L, representing 
the lowest seasonal value for Hatirjheel. BOD and COD 
were measured at 26.67 mg/L and 88.33 mg/L, respectively. 
Turbidity increased to 69.67 NTU, and SS peaked at 
113.7  mg/L. Chloride levels also reached a high of 
52.67 mg/L (Table 4), pointing to increased domestic and 
industrial inflow.

Following Table  4, with the onset of the monsoon, 
Hatirjheel showed signs of improvement in DO. DO 
increased to a seasonal high of 5.38 mg/L. BOD and COD 
slightly decreased to 22.67 mg/L and 94 mg/L, respectively. 
TDS also declined to 187.7  mg/L due to dilution from 
rainwater inflow.

In the post-monsoon season, Hatirjheel recorded 
its highest average pH of 7.85. DO slightly improved to 
3.97 mg/L, while BOD and COD were measured at 25 mg/L 
and 83.33 mg/L, respectively. Turbidity reached its highest 
level for this lake at 107.7 NTU, and chloride peaked at 
58 mg/L (Table 4). Overall, Hatirjheel consistently showed 
higher TDS and EC values compared to Dhanmondi Lake 
and had lower DO concentrations, reflecting ongoing 
environmental stress.

3.4. Comparative analysis of water qualities

The correlation between key physicochemical parameters 
was evaluated using Pearson’s correlation analysis and 

presented as a heatmap in Figure 2. In this analysis, BOD 
indicated strong positive correlations with COD (r = 0.8), 
SS (r = 0.81), alkalinity (r = 0.77), and turbidity (r = 0.65), 
signifying that the organic load was closely related to SSs 
and buffering capacity. COD was also highly correlated 
with SS (r = 0.71) and turbidity (r = 0.67). EC exhibited a 
strong correlation with alkalinity (r = 0.89). On the other 
hand, DO showed a negative correlation with chloride 
(r = −0.28), alkalinity (r = −0.16), and EC (r = −0.24), 
emphasizing the lakes’ insufficiency under stressed 
conditions.

3.5. Comparative analysis across lakes and seasons

The seasonal and spatial comparison of key water quality 
parameters across Gulshan, Dhanmondi, and Hatirjheel 
Lakes revealed distinct differences in environmental 
conditions and pollutant loads. These differences are 
illustrated in Figure  3, which shows trends for each 
parameter across the four seasons: winter, pre-monsoon, 
monsoon, and post-monsoon. Table 5 shows the statistical 
significance (type  III analysis of variance) of lake-season 
effects and the coefficient of variance (%).

pH levels in the lakes remained stable, ranging from 
7.18 to 7.85 (Figure  3A) with significant lake effects 
(F = 18.32, p<0.001) and moderate seasonal variation 
(F = 3.89, p=0.023) (Table 5). Hatirjheel Lake showed the 
highest average pH (7.85) in the post-monsoon season, 

Table 4. Water quality parameters of Hatirjheel Lake during different seasons

Season Sampling 
station

pH DO 
(mg/L)

BOD 
(mg/L)

COD 
(mg/L)

TDS 
(mg/L)

Turbidity 
(NTU)

Chloride 
(mg/L)

SS 
(mg/L)

Alkalinity 
(mg/L)

EC 
(µmhos/cm)

Winter S1 7.53 2.43 32 112 335 40.2 44 103 226 597

S2 7.92 4 25 117 315 26.1 47 58 226 559

S3 7.65 2.75 30 80 289 8.3 44 11 186 514

Avg. 7.7 3.06 29 103 313 24.87 45 57.33 212.7 556.7

Pre‑monsoon S1 7.25 1.8 25 90 272 82.7 51 133 214 521

S2 7.34 1.5 23 95 273 67.8 46 121 175 517

S3 7.34 3.9 32 80 261 58.5 61 87 151 496

Avg. 7.31 2.4 26.67 88.33 268.7 69.67 52.67 113.7 180 511.3

Monsoon S1 7.49 4.5 24 161 251 40 50 86 151 493

S2 7.3 3.65 22 63 162 67.6 44 110 162 497

S3 7.4 8 22 58 150 72.2 48 116 150 474

Avg. 7.4 5.38 22.67 94 187.7 59.93 47.33 104 154.33 488

Post‑monsoon S1 7.92 4.3 28 96 280 165 63 158 202 508

S2 7.92 5.5 21 39 235 35 45 29 189 426

S3 7.72 2.1 26 115 284 123 66 116 218 555

Avg. 7.85 3.97 25 83.33 266.3 107.7 58 101 203 496.3

Abbreviations: Avg.: Average; BOD: Biochemical oxygen demand; COD: Chemical oxygen demand; DO: Dissolved oxygen; EC: Electrical conductivity; 
SS: Suspended solids; TDS: Total dissolved solids.
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Figure 2. A heatmap showing the correlation among water quality parameters
Abbreviations: BOD: Biochemical oxygen demand; COD: Chemical oxygen demand; DO: Dissolved oxygen; EC: Electrical conductivity; SS: Suspended 
solids; TDS: Total dissolved solids; Var: Variable.

Table 5. Statistical significance of lake‑season effects

Water quality 
parameter

Lake 
(p‑value)

Season 
(p‑value)

Lake×Season 
(p‑value)

pH <0.001 0.023 0.215

DO <0.001 <0.01 0.132

BOD <0.001 <0.05 0.087

COD <0.001 0.061 0.243

TDS <0.001 <0.001 0.054

Turbidity <0.001 <0.01 <0.01

Chloride <0.001 <0.05 0.178

SS <0.001 0.037 <0.05

Alkalinity <0.001 <0.05 0.096

EC <0.001 <0.01 0.067

Abbreviations: BOD: Biochemical oxygen demand; COD: Chemical 
oxygen demand; DO: Dissolved oxygen; EC: Electrical conductivity; 
SS: Suspended solids; TDS: Total dissolved solids.

and Gulshan Lake recorded the lowest pH (7.18) value in 
the monsoon season. The coefficient of variation for pH 
remained low across all seasons (1.50–3.04%) (Table 6).

DO displayed substantial fluctuation (Figure 3B), with 
highly significant lake (F = 15.67, p<0.001) and seasonal 
effects (F = 5.61, p<0.01) (Table  5). Dhanmondi Lake 
consistently maintained higher DO values, with seasonal 
averages ranging from 3.23 mg/L in the post-monsoon to 
6.04 mg/L in winter. In contrast, Gulshan Lake recorded 
critically low DO during the monsoon season (1.41 mg/L), 
with one sampling station recording an extreme value of 
0.12  mg/L. Hatirjheel Lake also showed signs of oxygen 
depletion, particularly during the pre-monsoon season, 
when the average DO dropped to 2.4 mg/L. The coefficient 

Table 6. Coefficient of variation (%) by season

Parameter Coefficient of variation (%)

Winter Pre‑monsoon Monsoon Post‑monsoon

pH 2.25 1.5 2.59 3.04

DO 33.67 69.97 58.97 35.08

BOD 58.36 79.52 49.02 75.2

COD 50.96 93.24 50.37 43.47

TDS 32.35 24.89 94.47 29.64

Turbidity 77.36 105.1 71.88 64.01

Chloride 18.79 20.34 13.46 27.61

SS 81.65 63.11 56.91 60.3

Alkalinity 29.87 26.82 24.82 28.05

EC 26.63 22.13 23.73 28.88

Abbreviations: BOD: Biochemical oxygen demand; COD: Chemical 
oxygen demand; DO: Dissolved oxygen; EC: Electrical conductivity; 
SS: Suspended solids; TDS: Total dissolved solids.

of variation for DO reached 69.97% during pre-monsoon 
(Table 6), reflecting high variability in oxygen availability.

BOD and COD levels, which indicate organic pollution, 
depict the differences with significant lake effects (BOD: 
F = 142.33, p<0.001; COD: F = 38.45, p<0.001) (Table 5). 
Dhanmondi Lake showed the lowest BOD (2.5–6.67 mg/L) 
and COD (27–61  mg/L) across all seasons, signifying 
minimal organic contamination (Figure  3C and D). In 
contrast, Gulshan Lake displayed the highest levels, with 
BOD reaching 48  mg/L and COD peaking at 202  mg/L 
during the pre-monsoon. A  maximum COD value of 
343 mg/L was obtained at Gulshan Station S3, indicating 
severe localized pollution. Hatirjheel Lake exhibited 
moderate organic pollution, with BOD ranging from 
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22.67 to 29  mg/L and COD from 83.33 to 103  mg/L. 
The coefficients of variation for BOD and COD were 
significantly high during pre-monsoon (79.52% and 
93.24% respectively), as shown in Table  6, reflecting 
substantial temporal variability in organic loading.

TDSs and EC showed significant lake effects (F = 27.51, 
p<0.001 and F = 64.28, p<0.001, respectively) and seasonal 
variation (F = 45.23, p<0.001 and F = 6.45, p<0.01, 
respectively) (Table  5). Hatirjheel Lake recorded the 
highest TDS and EC levels (Figure 3E and F), with TDS 
peaking at 313 mg/L and EC at 556.7 µmhos/cm during 
monsoon dilution. Gulshan Lake also exhibited elevated 
values, particularly during the monsoon season. The 
coefficient of variation for TDS during monsoon reached 
94.47% (Table  6), indicating substantial dilution-driven 

variability. Dhanmondi Lake consistently reported the 
lowest TDS (132.6–149.3  mg/L) and EC (243–289.7 
µmhos/cm), suggesting less ionic load.

Turbidity and SS demonstrated significant lake-season 
interactions (turbidity: F  = 3.42, p<0.01; SS: F  = 2.76, 
p<0.05) (Table 5), indicating that seasonal patterns varied 
among lakes. Dhanmondi Lake maintained relatively clear 
water, with turbidity ranging from 1.67 to 44.33 NTU 
and SS between 10 and 52 mg/L. In comparison, Gulshan 
and Hatirjheel Lakes showed higher and more variable 
values. Gulshan’s turbidity peaked at 108.6 NTU in the 
pre-monsoon season, while Hatirjheel’s highest turbidity 
(107.7 NTU) was recorded in the post-monsoon season. 
Extreme values were observed at Gulshan Station S3, 
where turbidity reached 208 NTU, and SS hit 253  mg/L 
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Figure 3. Water quality parameters across seasons in Gulshan, Dhanmondi, and Hatirjheel Lakes. (A) pH, (B) DO, (C) BOD, (D) COD, (E) TDS, (F) EC, 
(G) Turbidity, (H) SS, (I) chloride, and (J) alkalinity.
Abbreviations: BOD: Biochemical oxygen demand; COD: Chemical oxygen demand; DO: Dissolved oxygen; EC: Electrical conductivity; SS: Suspended 
solids; TDS: Total dissolved solids.
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during the pre-monsoon period (Figure 3G and H). The 
coefficient of variation for turbidity reached 105.1% during 
pre-monsoon (Table  6), the highest variability observed 
among all parameters.

Chloride and alkalinity levels further showed 
significant lake effects (F = 19.87, p<0.001 and F = 87.34, 
p<0.001, respectively) with moderate seasonal variations 
(Table 5). Hatirjheel recorded the highest average chloride 
concentration at 58  mg/L during the post-monsoon, 
followed by Gulshan, which maintained average values 
between 40 and 42  mg/L. Dhanmondi Lake exhibited 
lower chloride levels, ranging from 27.67 to 51.33  mg/L. 
In terms of alkalinity, both Gulshan and Hatirjheel 
Lakes displayed higher values (160.7–212.7  mg/L), while 
Dhanmondi ranged from 90 to 105.7 mg/L (Figure 3I and J), 
indicating different buffering capacities among the lakes. 
The coefficients of variation for chloride and alkalinity 
remained moderate (13.46–27.61% and 24.82–29.87%, 
respectively) as shown in Table  6, suggesting relatively 
stable chemical characteristics across seasons.

Principal component analysis explained 65.8% of total 
variance, with Dimension 1  (50.6%) primarily loaded 
by BOD (0.87), COD (0.91), and SS (0.78), representing 
organic matter dynamics. In comparison, Dimension 
2  (15.2%) showed strong loadings from TDS (0.92), EC 
(0.94), and chloride (0.76), indicating ionic composition 
variations (Figure 4A). The clear separation of lakes along 
Dimension 1 positioned Gulshan and Hatirjheel Lakes 
with positive scores (high organic matter indicators), while 
Dhanmondi Lake clustered with negative scores, indicating 
better water quality conditions (Figure 4B).

4. Discussion
This study reveals essential seasonal and spatial variations 
in water quality across Gulshan, Dhanmondi, and 
Hatirjheel Lakes. A  comprehensive comparison of the 
observed parameters with EQS (Table 7) and findings from 
previous studies clarifies the current pollution status and 
potential causes of degradation in these vital urban water 
bodies.

The pH values across all three lakes consistently 
ranged between 6.6 and 7.7 (Tables  2-4), falling well 
within the EQS for fisheries (6.0–9.0) and industrial 
standards (6.5–8.5) (Table 7). This pH is stable to an extent, 
as observed in previous studies,10,17,28,36 which suggests that 
despite changes in other parameters, the acid-base status 
of these lakes has remained stable, probably due to their 
natural buffering capacity.

DO concentrations, however, showed significant 
seasonal and spatial variations, highlighting critical 
differences in lake health (Figure  3B). Dhanmondi Lake 
maintained consistently healthy DO levels, averaging above 
5  mg/L in all seasons except post-monsoon (3.23  mg/L) 
(Table 3), thereby generally meeting the EQS for fisheries 
(Table  7). In contrast, the Gulshan and Hatirjheel Lakes 
frequently recorded critically low DO values, particularly 
during the monsoon and winter seasons. For instance, 
Gulshan Lake’s average monsoon DO plummeted to 
1.41 mg/L, with an alarming low of 0.12 mg/L at station S1 
(Table 2), far below the 5 mg/L fisheries standards (Table 7). 
Similarly, Hatirjheel Lake’s DO averaged only 3.06 mg/L in 
winter and 2.4 mg/L in pre-monsoon (Table 4), indicating 

Figure 4. Principal component analysis of water quality parameters. (A) Variable loadings showing parameter contributions and (B) sample scores showing 
lake separation.
Abbreviations: BOD: Biochemical oxygen demand; COD: Chemical oxygen demand; DO: Dissolved oxygen; EC: Electrical conductivity; SS: Suspended 
solids; TDS: Total dissolved solids.
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severe oxygen depletion. These findings align with Uddin 
et al.,37] who reported severe DO depletion in Gulshan Lake 
due to untreated sewage discharge. Previous studies9,38 
observed DO levels below 2  mg/L in Hatirjheel during 
dry seasons. Such low DO values are primarily attributed 
to high organic loading, limited aeration, and potential 
stratification effects during specific seasons.

The BOD values further underscore the varying 
pollution loads. Gulshan Lake consistently exhibited 
excessive BOD, with averages ranging from 33.33 mg/L in 
winter to 48 mg/L in pre-monsoon (Table 2), significantly 
exceeding both the EQS for fisheries (≤6  mg/L) and 
industrial effluent standards (≤30  mg/L) (Table  7). 
Hatirjheel Lake also showed elevated BOD, averaging 
between 22.67  mg/L and 29  mg/L, thus exceeding 
the fisheries standard but generally remaining below 
the industrial threshold (Table  7). In sharp contrast, 
Dhanmondi Lake’s BOD was consistently low, averaging 
between 2.5 mg/L and 6.67 mg/L, consistently meeting the 
fisheries standard across all seasons. This clear distinction 
suggests more effective management and fewer direct 
pollution sources in Dhanmondi Lake.6 Uddin et al.37 

reported similar high BOD trends in Gulshan, while 
Peeters and Shannon31 noted that Hatirjheel’s proximity to 
stormwater drains increased organic matter accumulation, 
explaining its moderate pollution.

COD values mirrored the BOD trends, indicating the 
extent of chemical contamination (Figure  3C and D). 
Gulshan Lake’s COD values were alarmingly high, peaking 
at an average of 202 mg/L in pre-monsoon (Table 6), with 
an individual reading of 343 mg/L at station S3 (Table 2), 
far exceeding both the EQS for fisheries (≤50 mg/L) and 
industrial discharge (≤200 mg/L). Hatirjheel Lake’s COD 

ranged from 82.67 mg/L to 103 mg/L, crossing the fisheries 
threshold but generally remaining within industrial limits 
(Table 7). Dhanmondi Lake consistently showed the lowest 
COD levels, averaging between 27  mg/L and 61  mg/L, 
thereby meeting both standards across all seasons. These 
findings align with previous studies9,38,39 that identified 
industrial effluents and residential wastewater as 
primary contributors to COD in Gulshan and Hatirjheel. 
Dhanmondi’s lower values likely result from fewer direct 
inflow sources and better containment measures.

Regarding TDS and EC, levels across all lakes were 
generally below the EQS for fisheries (≤1000  mg/L for 
TDS and ≤1200 µmhos/cm for EC) (Table  7). However, 
Hatirjheel and Gulshan Lakes occasionally showed elevated 
TDS values, exceeding 300 mg/L (Hatirjheel’s average was 
313 mg/L in winter, and Gulshan’s average was 296 mg/L in 
winter), suggesting moderate pollution from urban runoff. 
EC values, while within acceptable limits, were highest 
in Hatirjheel (average 556.7 µmhos/cm in winter) and 
Gulshan (average 498 µmhos/cm in winter), consistent 
with higher dissolved solids (Figure  3E and F). Previous 
studies10,40 also found similar EC ranges, supporting these 
findings.

Turbidity and SS were significant concerns for Gulshan 
and Hatirjheel lakes (Figure 3G and H). Turbidity values 
in Gulshan (average up to 108.6 NTU in pre-monsoon, 
with an individual high of 208 NTU at S3) and Hatirjheel 
(average up to 107.7 NTU in post-monsoon) substantially 
exceeded the EQS for treated wastewater (10 NTU). In 
contrast, Dhanmondi Lake consistently maintained low 
turbidity, generally within or just above this limit (average 
1.67–44.33 NTU). Similarly, SS concentrations in Gulshan 
and Hatirjheel frequently surpassed the EQS limit of 
100 mg/L, with values reaching an average of 214.7 mg/L in 
Gulshan during pre-monsoon (Table 7) and an individual 
high of 253 mg/L at Gulshan’s sampling station S3 (Table 2). 
Dhanmondi Lake’s SS values were consistently below the 
standard (average 10–52 mg/L) (Table 3). These elevated 
values correspond with the study of Uddin et al.,37 who 
reported on solid waste dumping and construction runoff 
near Gulshan Lake. Rain-induced sediment resuspension 
during the monsoon likely explains the turbidity peaks 
observed in these lakes.

Chloride concentrations in all lakes remained below 
the EQS limit for treated wastewater (150–600  mg/L) 
(Figure  3I), though Hatirjheel showed slightly higher 
average values (up to 58  mg/L in post-monsoon). 
Alkalinity levels, however, exceeded the 150 mg/L standard 
in some stations of Gulshan (average 192–192.3  mg/L, 
with a maximum of 212.7 mg/L in winter) and Hatirjheel 
(average 180–212.7  mg/L), suggesting influence from 

Table 7. Environmental Quality Standard for water quality 
parameters

Parameter Fisheries Industrial 
use

Treated 
wastewater

pH 6.0–9.0 6.5–8.5 ‑

Dissolved oxygen ≥5 mg/L ‑ ‑

Biochemical oxygen demand ≤6 mg/L ≤30 mg/L ‑

Chemical oxygen demand ≤50 mg/L ≤200 mg/L ‑

Total dissolved solids ≤1000 mg/L ‑ ‑

Turbidity ‑ ‑ ≤10 NTU

Chloride ‑ ‑ 150–600 mg/L

Suspended solids ‑ ‑ ≤100 mg/L

Alkalinity ‑ ‑ ≤150 mg/L

Electrical conductivity ‑ ‑ ≤1200  
µmhos/cm

Source: Surface and Ground Water Quality Report 2022.10
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detergents, cleaning agents, or leachates. This aligns with 
previous studies,9,29,41 which attributed the high alkalinity 
observed in Gulshan to the input of household wastewater.

The overall comparison of the water quality parameters 
from Gulshan, Dhanmondi, and Hatirjheel Lakes with 
the EQS reveals that Gulshan and Hatirjheel Lakes are 
generally under significant environmental stress and are 
not ecologically healthy. DO levels in these two lakes 
frequently fall below the minimum fisheries standard of 
5 mg/L, especially during the monsoon season, indicating 
poor oxygen availability that severely threatens aquatic 
life. BOD and COD values in Gulshan Lake often exceed 
both fisheries and industrial limits, signaling substantial 
organic and chemical pollution. Turbidity and SSs in 
Gulshan and Hatirjheel frequently exceed the EQS for 
treated industrial wastewater, significantly reducing water 
clarity and impacting habitat quality. Although the overall 
water quality of Dhanmondi Lake was found to be slightly 
better, specific parameters, such as turbidity and BOD, 
tend to reach or exceed permissible limits at certain times, 
which reflects the necessity of continuous monitoring. 
The elevated pollution levels, particularly in Gulshan 
and Hatirjheel Lakes, suggest that these water bodies 
are not safe for recreational use or sustainable fisheries 
without immediate intervention. Therefore, immediate 
and integrated actions, such as controlling wastewater 
discharge, upgrading sewage treatment facilities, and 
conducting regular surveillance, are necessary to recover 
their ecological balance and maintain public health.

5. Conclusion
This study provides a comprehensive assessment of the 
seasonal variations in water quality across Gulshan, 
Dhanmondi, and Hatirjheel Lakes, three vital urban water 
bodies within Dhaka city. The findings reveal significant 
spatial and temporal differences driven by both natural 
seasonal cycles and anthropogenic influences. Using 
standard physicochemical parameters, the study adopted 
a comparative and seasonal analytical approach to 
identify spatial and temporal trends in pollution levels. 
Principal component analysis indicated that 65.8% of the 
total variance was explained by two major dimensions: 
organic pollution load (BOD, COD, and SS) and ionic 
composition (TDS, EC, and chloride). Statistical analysis 
confirmed highly significant lake effects for all parameters 
(p<0.001), with notable seasonal variations and significant 
lake-season interactions for turbidity and SSs (p<0.01). 
Dhanmondi Lake maintained relatively stable and healthier 
conditions across most parameters, with low BOD 
(2.5–6.67 mg/L) and COD (27–61 mg/L) levels. Gulshan 
Lake exhibited significant organic pollution, particularly 
during the pre-monsoon period, accompanied by severe 

oxygen depletion during the monsoon (DO 1.41  mg/L). 
Hatirjheel Lake revealed elevated ionic content, with TDS 
peaking at 313 mg/L and high turbidity levels (>100 NTU), 
particularly during the post-monsoon period. Comparison 
with EQS and similar studies indicated that some 
parameters remained within acceptable limits, but organic 
pollution indicators and turbidity frequently exceeded safe 
thresholds, indicating environmental stress and potential 
public health risks. The study underscores the need for 
targeted lake-specific management strategies, prioritizing 
Gulshan Lake for organic pollution control and Hatirjheel 
for ionic and turbidity management. These findings provide 
a scientific basis for policymakers to identify pollution 
hotspots, allocate resources efficiently, and implement 
seasonally adaptive conservation measures. Biological 
indices, long-term and continuous monitoring accuracy, 
and remote sensing techniques can be combined in future 
research to better understand and predict water quality. As 
a whole, the study contributes to a developing knowledge 
base that is needed to better protect and manage urban 
aquatic ecosystems in cities, such as Dhaka.
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Abstract
Accurate and explainable forecasting of particulate matter (PM10) is increasingly 
essential for managing urban air quality and protecting public health. This study 
proposed and evaluated a hybrid stacked deep learning architecture designed to 
enhance PM10 and urban air quality forecasting accuracy and to provide transparent 
explanations for its predictions. Using a self-designed neural network and Ridge 
regression (the meta-learner), PM10 prediction was accomplished based on 
LightGBM integration. Analysis was performed on the World Air Quality Index dataset, 
consisting of 1.8 million observations from 380 cities globally. To demonstrate its 
effectiveness, the hybrid model was benchmarked against traditional time series 
models (Autoregressive Integrated Moving Average [ARIMA] and Seasonal ARIMA) 
and machine learning models, including decision tree, extreme gradient boosting, 
random forest, and neural network, using the mean squared error (MSE), root MSE 
(RMSE), mean absolute error (MAE), and R2 metrics as evaluation metrics. Model 
explainability was accomplished using Shapley Additive Explanations and Local 
Interpretable Model-Agnostic Explanations analyses. The hybrid model achieved an 
R2 of 0.9916, MSE of 4.90, RMSE of 2.21, and MAE of 0.992, surpassing the other models’ 
performances and demonstrating strong reliability. The analysis determined the 
seven-day PM10 lag as the most important influential predictor, while other spatial 
parameters contributed minimally. The model’s ability to run efficiently on general-
purpose computers further ensures accessibility for resource-constrained agencies. 
Overall, this study demonstrates the high predictive accuracy and interpretability 
of the proposed hybrid framework, offering a practical and informative tool for 
policymakers to improve air quality and public health outcomes.

Keywords: Hybrid stacked model; Air quality; LightGBM; PM10; Shapley Additive 
Explanations; Local Interpretable Model-Agnostic Explanations

1. Introduction
Addressing public health, policy development, and air quality monitoring, particulate 
matter (PM) prediction has gained prominence and captured the interest of academic 
and applied scientists.1,2 Growing concerns stem from the ease with which PM can 
penetrate the human respiratory system, leading to long-term health issues. The 
inhalation of particulates is strongly correlated with increasing rates of respiratory 
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failure, cardiovascular decline, asthma, lung cancer, and 
chronic bronchitis.3 Rising urbanization and unchecked 
industrial growth exacerbate the problem, contributing to 
elevated PM concentrations across metropolitan regions. 
This trend affirms the necessity of sophisticated analytical 
prediction tools capable of forecasting PM levels and 
guiding effective mitigation strategies.

Predictive analytics help recognize and forecast pollution 
events, enabling the targeted allocation of resources to 
minimize public health risks. This has to be done with 
specific predictive models that inform regulations, establish 
international standards, identify sensitive monitoring 
regions, and support the implementation of cost-effective 
public health schemes at the appropriate time to reduce 
pollution.4

Traditional air quality forecasting approaches have 
illuminated the value of statistical and deterministic 
models, particularly through linear regression and time 
series methods, alongside remaining frameworks deployed 
to provide baseline insights and real-time alerts.5 However, 
these approaches disallow the forecasting of linear, static, 
and homogenous growth, while presuming the existence of 
boundaries within error variance, creating boundaries to 
the intricacy and randomness of the shifting atmospheric 
conditions.6 Consequently, they often fail to accurately 
estimate the effects of complex and fluctuating emissions 
from various human activities, varying forecasting 
intervals, uneven human-made weather conditions, and 
the spatiotemporal conjunction of intervals. This limitation 
is particularly pronounced in sprawling hot zones over 
cities.

Therefore, there is increasing demand for more flexible 
and robust models that better capture the drivers of air 
pollution episodes and their non-linear behavior.5,6 In 
recent years, many scholars and researchers have leaned 
toward the prowess of modern developments in machine 
learning (ML), and more recently, deep learning, which 
excel at discovering complex non-linear facets in massive 
datasets.7 These approaches are in sharp contrast to those 
deployed in the past, which worked best with changes to 
the system and parameters. The modern models are more 
likely to provide sharper forecasts by adapting to evolving 
environmental factors that typically define domain 
boundaries.

Despite the continuing importance of classic algorithms, 
such as support vector machines (SVM) and random 
forest (RF), the gradient-boosted family of algorithms, in 
particular the light gradient boosting machine (LightGBM) 
and tailor-made neural networks (NNs), has emerged as 
perhaps the most profound innovations in the field.8

Many custom NNs have employed deep learning to 
improve analysis on complex time-series datasets, especially 
when paired with complex structures. Such models excel 
at untangling the deep-seated non-linear and sequential 
patterns that characterize long-term environmental 
records.1 By separating spatiotemporal features into 
individual units, these models, such as Recurrent NN 
(RNN) and attention-based models, effectively process 
time-based data. The resulting dataset captures daily 
fluctuations, seasonal patterns, and the combined 
influences of meteorological conditions, emissions, and 
geographical factors on PM10 concentration variations.

Hence, combining LightGBM with a custom-built 
NN forms an unprecedented hybrid approach that 
synergistically leverages the advantages of both models. The 
LightGBM model accelerates the interaction among mixed 
data types, while the neural layers grasp more profound 
and complex spatiotemporal patterns.1,6,8 This combined 
architecture monitors persistent patterns and momentary 
surges in pollutant concentrations, protects against the 
overfitting that one or the other component usually suffers 
from, reduces prediction errors, and enhances stability 
amid environmental changes or added noise.5,7 More 
importantly, the integrated system provides richer, more 
accurate, and more robust predictions, fulfilling the high 
standards of contemporary PM10 monitoring.6,7

Given the impact that PM10 predictions may have on 
public health and air quality policies, PM10 modeling is 
no longer optional. To explain the complex behavior of 
advanced ML and deep learning models, it is now common 
for researchers to use Shapley Additive exPlanations 
(SHAP) and Local Interpretable Model-agnostic 
Explanations (LIME). SHAP, grounded in cooperative 
game theory, helps identify which features (e.g., wind speed 
and temperature) contribute most to PM10 predictions, 
revealing the dominant factors controlling atmospheric 
PM10 levels and their interactions.9 In contrast, LIME 
provides explanations focused on individual predictions, 
highlighting the specific features driving the model’s 
output for a single observation. These approaches enhance 
prompt responses on a case-by-case basis.8 Together, they 
not only enhance overall model transparency and build 
user trust but also enable routine debugging by revealing 
hidden biases, informing iterative improvements by 
flagging blame misallocations, and directing researchers to 
parameters that need adjustment.7

This work develops and validates a hybrid model for 
short-term forecasting of airborne PM10 levels, combining 
LightGBM with a custom NN specifically focused on 
urban areas. During this process, specific attention is 
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paid to areas with heavy traffic, high urbanization, and 
PM10 concentrations exceeding health-based guidelines, 
enabling precise and timely predictions vital for planning 
and mitigation. The model is also interpretable because it 
is integrated with post hoc tools, such as SHAP and LIME, 
which improve explanation-based reasoning, enabling 
stakeholders to access actionable recommendations. These 
reasons, alongside improving model ease, accuracy, and 
transparency, motivate this work to protect public health 
in urban centers globally.

2. Literature review
Recent advancements in artificial intelligence (AI) 
techniques have redefined air quality modeling by shifting 
the field from traditional rule-based approaches to more 
adaptive, data-centric systems.10-13 Such a paradigm shift 
is aptly demonstrated by the ever-increasing accuracy of 
PM10 forecasts, which is a vital metric for urban health 
assessment. In this section, we review a spectrum of PM10 
forecasting methods, comparing classical regressors with 
contemporary ML models. We delineate the advantages 
of competing approaches, such as LightGBM, deep NNs 
(DNNs), and advocate for a transparent stacked model 
that integrates these strengths while employing SHAP and 
LIME to elucidate the opacity of prediction.14

The use of linear regression, decision trees (DT), and 
RFs, which have traditionally been utilized to predict 
PM10 and other air quality metrics, is outdated.15 Such 
static methods that are encapsulated by posited equations 
are prone to failures when used with non-linear and highly 
interrelated time-series data, as well as spatiotemporally 
overlapping time-series data. By contrast, more recent 
ML techniques are more accurate and more robust in 
handling these complexities. However, these gains come 
with additional hurdles, such as the requirement to 
process model reasoning behind forecasts and the massive 
computational resources needed to train deep networks on 
extensive datasets.16

Recent studies have focused on implementing various 
ML models for PM10 forecasting. Kujawska et al.17 
concluded that SVM, artificial NNs, and Kriging models 
effectively capture non-linear relationships between 
meteorological parameters and pollution concentrations. 
Similarly, Lei et al.18 utilized ensemble methods based on 
DTs and reported comparable predictive improvements. 
Furthermore, hybrid deep learning architectures that 
usually amalgamate RNNs and convolutional NNs have 
proven effective in separating temporal lags from spatial 
gradients in convolutively structured air quality time 
series.23 While SVMs excel at resolving complex boundaries 
and RFs mitigate overfitting, each method has limitations, 

such as sensitivity to kernel tuning and long learning times 
typical of NNs.17-20

Within the realm of environmental science, LightGBM 
is one of the fastest-growing algorithms due to its high 
speed, ease of training on large datasets, and scalability.24 
It consistently outperforms predecessors, such as 
extreme gradient boosting (XGB) and RFs by effectively 
capturing sophisticated non-linear relationships between 
environmental and socio-economic factors, while 
achieving superior speed and accuracy.18 LightGBM’s 
computational efficiency is one of the main reasons it is used 
for near-real-time air quality forecasting and management 
applications.16 NNs, such as DNNs, convolutional NNs, 
and RNNs, are also used in environmental forecasting to 
address the extreme non-linearity and time-variance of 
PM10 concentrations.19 Long short-term memory (LSTM), 
an example of RNNs, is extremely valuable for time series 
applications due to its ability to process sequential data. 
Although custom-built models often incorporate spatial 
and meteorological information, they need large training 
datasets and, without sufficient regularization, remain 
vulnerable to overfitting.21

New developments in ensemble learning have made 
it possible to develop hybrid models that combine 
LightGBM’s fast, gradient-boosted tree mechanics with 
the deep non-linear feature extraction power of NNs.19 
LightGBM is typically the first-level learner, identifying 
basic patterns and interaction effects in data, while the 
NN layer further refines predictions by learning complex, 
time-variable patterns.22 This architecture enhances the 
speed and scalability of LightGBM on structured data 
and leverages the NN’s ability to trend and model non-
stationary time series.

Stacked models applied across finance, energy, and 
transportation domains have demonstrated greater 
generalizability, robustness to out-of-sample data, 
and an improved balance between performance and 
explainability—an important but often neglected aspect 
in model evaluation.19 Explainability becomes increasingly 
paramount given the growing complexity of modern 
ML systems used in environmental monitoring and 
other critical domains. For example, SHAP and LIME 
provide valuable insights by quantifying the contribution 
of individual features to predictions. SHAP allocates 
consistent, mathematically justified scores indicating how 
much each input contributes to a given output, while LIME 
builds ephemeral, simpler predictive models to justify a 
given decision. Using these techniques in conjunction with 
leading models, such as LightGBM and NNs, enhances 
trust in model decisions, supporting more transparent 
and responsible environmental policy-making, from 
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researchers to policymakers, and ultimately fostering 
better-informed, sustainable decisions.23

Most literature these days examines novel individual or 
ensemble models; however, few adopt a bottom-up hybrid 
that integrates LightGBM with a custom NN architecture. 
In addition, lattice models, which offer crucial in-practice 
transparency, have received limited attention. This research 
aims to address this gap by constructing a stacked hybrid 
architecture that combines LightGBM’s computational 
speed with the temporal awareness of a custom NN. The 
model incorporates SHAP and LIME from the explainable 
AI (XAI) toolbox to rationalize predictions, thereby 
improving model fidelity and trust.

3. Methodology
3.1. Data description

The present study utilized the World Air Quality Index 
(WAQI) dataset to forecast the concentration of PM10 
using ML and deep learning techniques. This dataset is 
authentic and updated thrice daily, covering approximately 
380 cities worldwide. It comprises 1,798,600 records and 
features nine attributes, that is, country, city, date, species, 
count, minimum, maximum, median, and variance. The 
feature of distinct pollutants further extends to specific 
pollutants. Also, the species attribute contains the Air 
Quality Index (AQI), dew, humidity, precipitation, 
pressure, PM1, PM2.5, and PM10 (Figure 1).

In this study, values of PM10 were considered for 
prediction, whereas the median attribute was selected 
as the target variable. To further demonstrate the 
characteristics of the WAQI dataset, Figures  2 and 3 
present the geographical coverage of PM10 concentration 
and its average across countries and cities.

3.2. Data preparation and preprocessing

To ensure quality and consistency, the study considered 
only the relevant features of dates, location, and pollutant 
values. The date strings were converted to date–time 
objects, and the dataset was further restricted to PM10. 
Lag features captured trends and temporal dependencies, 
providing the PM10 concentration values from previous 
days. Seven lag features were generated, representing PM10 
levels from the past seven days. In addition, two rolling 
averages were computed, that is, a 7-day rolling average 
and a 30-day rolling average. The rolling averages helped 
smooth out short-term fluctuations and highlighted long-
term trends. This enabled the model to identify patterns 
in PM10 concentrations over weekly and monthly periods.

Categorical features, namely, country and city, were 
encoded using the target encoding technique by replacing 

each categorical value with the mean of the target variable, 
that is, the value of PM10, in our case, for that category. 
This encoding method, being memory efficient, enabled 
the model to capture the relationship between categorical 
features and target variables effectively. The dataset was 
split into training and testing subsets in an 80:20 ratio, with 
80% of the data utilized for training the models and 20% 
for testing the models under different evaluation metrics.

The selection of features was conducted in collaboration 
with domain experts and validated with algorithms. 
Redundant features were removed through initial 
correlation analysis and subsequent variance inflation 
factor analysis. Temporal and meteorological predictors 
were then validated with LightGBM’s feature importance 
ranking. All numeric features were normalized through 
Min–Max scaling to prepare the data for the NN and 
enhance convergence and stability during training. This 
preprocessing made the model’s parameters accurate and 
relevant to the environment, ensuring the approach was 
transparent and replicable.

3.3. Model architecture

As illustrated in Figure  4, our hybrid stacked modeling 
strategy combines three complementary elements to 
enhance predictive accuracy and protect the system from 
overfitting.

LightGBM is used as the primary regressor due to 
its efficiency on structured data and its ability to expose 
complex feature interactions when boosted using 
gradient methods. After the model was constructed, a 
broad grid search was performed to calculate appropriate 
configuration benchmarks by testing different values for 
the learning rate, tree depth, and levels of regularization. 
This base learner can identify the most prominent patterns 
in structured data; however, more intricate patterns, 
particularly those involving non-linear data in real-

Figure 1. Features of species in the World Air Quality Index dataset
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world scenarios, are often left uncovered. This problem 
was addressed with the introduction of a framework for 
residual learning.

In this framework, a DNN is used for learning from 
the prediction mistakes resulting from the LightGBM 
regressor’s residuals. This network, which acts as the 
bottom half of the model, is complemented by the base 
model and receives normalized feature vectors and 
features compatible with the base model input layer. Its 
skeleton consists of three densely connected hidden layers. 
Each hidden layer is succeeded by a fixed rate of batch 
normalization to moderate internal covariate shift and 
dropout regularization, set at 25% to avoid overfitting. 
At the same time, the layers are also interspersed with 
rectified linear unit (ReLU) activations for non-linear 
control. These controls assist the network in capturing and 
forming intricate patterns of residuals that conventional 
tree learners otherwise ignore.

A single linear neuron in the output layer is used for 
final residual corrections. The whole pipeline is then 
optimized in a single pass using the Adam optimizer, 
number of epochs learning rate policies, and mean 
squared error (MSE) loss. This architecture relies on the 
NN’s universality to shift and correct all systemic biases 

beyond the initial LightGBM forecasts. The final step in the 
pipeline merges predictions from both modeling branches 
using a stacking ensemble. For example, in Level-1, the 
raw LightGBM forecasts and the residual-corrected values, 
defined as LightGBM predictions with corrections by the 
NN, are combined to form a richer feature set that captures 
complementary signals. These enhanced predictions are 
then forwarded to a Ridge regression meta-model, which 
reduces the multicollinearity among the base predictors 
and variances, as its L2 regularization is believed to achieve 
this goal. Using matrix algebra, the meta-learner uses the 
ridge regression method to compute optimal weights for 
each base predictor in a standard closed form. The weights 
are adjusted automatically with respect to validation 
performance. Table 1 details the parameters of the hybrid 
stacked model proposed in this study.

The NN was deliberately shaped for PM10 forecasting 
rather than adapted from a generic regression template. 
Its residual design corrects for the non-linear errors left 
by LightGBM, and each dense layer is followed by batch 
normalization and dropout to stabilize learning and avoid 
overfitting on noisy atmospheric data. ReLU activations 
help the model generalize across seasonal shifts, while 
the Adam optimizer ensures adaptive convergence. The 

Figure 2. Geographical coverage of PM10 across (A) countries and (B) cities according to the World Air Quality Index dataset accessed on [December, 
2024]. Map reprinted from Microsoft PowerBIMicrosoft Corporation.

BA

Figure 3. Average of PM10 by (A) country and (B) city according to the World Air Quality Index dataset accessed on [December, 2024]. Map reprinted 
from Microsoft PowerBIMicrosoft Corporation.

BA
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Ridge meta-learner integrates the outputs by assigning 
optimal weights through L2 regularization, reducing the 
effect of multicollinearity between the LightGBM and NN 
predictions. This configuration generates smoother and 
more generalizable forecasts without the instability often 

seen in kernel or tree-based meta-models. This stacked 
architecture, therefore, leverages transparent feature 
attribution of LightGBM, the NN’s flexibility in capturing 
non-linear errors, and Ridges’ robustness when working 
with multiple correlated inputs. The combined model 

Figure 4. Proposed hybrid stacked model architecture
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demonstrates superior generalization compared to any 
single component and consistently outperforms baseline 
benchmarks across a wide range of public datasets. The 
pseudocode of our proposed hybrid stacked model is 
presented in Pseudocode 1.

3.4. Model interpretability

To promote transparency and confidence in our prediction 
pipeline, the study conducted an in-depth interpretability 
assessment grounded in leading XAI techniques of SHAP 
and LIME. Here, SHAP applies concepts from cooperative 
game theory to produce a consistent global ranking of 
feature importance. By computing Shapley values for each 
observation, the method reveals how much each feature 
contributes to a prediction above or below the mean, 
thereby clarifying model behavior across the entire dataset. 
Meanwhile, LIME examines a single prediction at a time. 
It perturbs the input, fits a simple linear model around the 
point of interest, and uses the linear coefficients to indicate 
which features are most significant for that case. This local 
lens perfectly complements the broader overview of the 
SHAP analysis.

3.5. Evaluation methodology

A thorough evaluation of each aspect of the forecasting 
model was performed using a set of arbitrary statistical 
metrics concerned with the model’s predictive capability 
and the decision model’s required dimensions concerning 
the environment. The R2 score, which is referred to as the 
coefficient of determination, for example, measures the 
extent to which the model identifies the total variation 
in the set of air-quality readings and quantifies the extent 

Table 1. Details of the hybrid stacked model parameters

Component Parameter Value/Configuration

LightGBM 
(base model)

Learning rate 0.1

Maximum depth 7

No. of estimators 300

No. of leaves 31

Sub‑sample 0.8

Residual 
neural 
network

Layer 1 Dense (256, Activation=“relu”)

Layer 2 BatchNormalization()

Layer 3 Dropout (0.2)

Layer 4 Dense (128, Activation=“relu”)

Layer 5 Dropout (0.1)

Layer 6 Dense (64, Activation=“relu”)

Output layer Dense (1)

Optimizer Adam

Loss function Mean squared error (MSE)

Metrics Root MSE (RMSE), mean absolute 
error (MAE), R2 score

Batch size 256

Epochs 100 (with early stopping)

Early stopping Patience=10, Monitor = “val_loss,” 
restore_best_weights

Validation split 0.2

Ridge 
(meta‑model)

Alpha 1.0

Pseudocode 1. Proposed hybrid stacked neural network
Function: Residual stacking model
Input: Preprocessed dataset (features and target)
Output: Trained models and evaluation metrics

Start
1. Data preparation:
1.1. Separate features (X) and target (y)
1.2. Split data into train/test sets (70% train, 30% test)
1.3. Scale features using MinMaxScaler

2. Train base model (LightGBM):
     2.1. Initialize LGBMRegressor with parameters:
 learning_rate: 0.1
 max_depth: 7
 n_estimators: 300
 num_leaves: 31
 subsample: 0.8
     2.2. Fit model on training data
     2.3. Generate predictions for train/test sets

3. Residual learning:
    3.1. Calculate residuals (true - predicted) on the training set    

    3.2. Build a residual neural network architecture:
           Input Layer: (features_dimension,)
           Dense (256, ReLU) → BatchNorm → Dropout (0.2)
           Dense (128, ReLU) → Dropout (0.1)
           Dense (64, ReLU)
           Output: Dense (1)    
    3.3. Compile model with:
           Optimizer: Adam
           Loss: MSE
           Metrics: RMSE, MAE, R²
    3.4. Set early stopping (patience=10, monitor val_loss)
    3.5. Train model on scaled features and residuals
    3.6. Generate residual predictions for the test set
    3.7. Create final residual-corrected predictions (LightGBM + NN residuals)

4. Model stacking:
    4.1. Create stacking dataset:
           Train: [LightGBM_pred, Residual_corrected_pred]
           Test: [LightGBM_pred, Residual_corrected_pred]
    4.2. Initialize Ridge regression meta-model (alpha=1.0)
    4.3. Train meta-model on stacking dataset
    4.4. Generate final stacked predictions

5. Evaluation:
     5.1. For each model (LightGBM, Residual-corrected, Stacked):
             Calculate R², MSE, RMSE, and MAE
             Print evaluation metrics
End

to which it offers explainable pieces of information. R2 is 
a primitive of the model in the sense that all models are 
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ranked from 0 to 1, with 0 meaning that the model does 
not explain anything above the model’s sample average, 
and 1 meaning that the model absolutely predicts the data; 
anything negative means the model is performing worse 
than just using the mean. The R2 score, within the context 
of atmospheric pollution, suggests the effectiveness of 
a framework in tracking how the system copes with 
the complex shifts of air, emissions, and the weather. 
In addition, root MSE (RMSE) is the next benchmark 
concerned with the forecasting precision. It takes the mean 
of the difference squared, then takes the root. Moreover, it 
is a primitive of the original set. Spacing, air quality, and 
pollution models all rely on RMSE for decision-making, 
particularly when assessing the predictive range of a model. 
Gaps within these ranges may indicate failures to capture 
peak pollutant concentrations, especially those exceeding 
critical thresholds. Such missed or underestimated peaks 
can lead to unforeseen public health risks.

The values of RMSE directly address regulators and 
community members, as they are measured in micrograms 
per cubic meter, enabling straightforward comparison with 
legal thresholds. On the other hand, the mean absolute 
error (MAE) measures forecasting precision by averaging 
the absolute values of all prediction errors. It describes 
model accuracy without considering the direction of 
errors. Therefore, MAE provides a robust daily model 
performance snapshot. It is useful for assessing average 
overestimation, which is often critical for decision-makers. 
In practice, MAE can support dynamically managed 
resource allocation models, ensuring that responses 
to pollution escalations remain predictable, budget-
conscious, and within an acceptable error margin.

The MSE summarizes all deviations by employing a 
squared-average method, focusing more on larger errors. 
This property makes MSE a valuable measure of dispersion 
in model predictions and a standard loss function in 
deep learning, where optimizers minimize it to avoid 
expensive, large-magnitude prediction errors. During 
critical pollution events, such as concentration spikes, 
this heightened sensitivity to large deviations acts as an 
additional security for public health decision-making. 
Together, these four metrics form a self-reinforcing 
evaluation system. R2 measures the model’s explanatory 
power, RMSE acts as a guardrail against overly optimistic 
under-predictions, MAE conveys expected day-to-day 
accuracy, and MSE informs system optimization through 
iterative design. Using all four ensures consistent system 
reliability across routine assessments, intermediate 
validations, and high-alert preparedness evaluations.

4. Results
4.1. Comparative evaluation of regression models

To evaluate the predictive quality of the eight regression 
procedures, four summary statistics, that is, MSE, RMSE, 
MAE, and R2, were measured. Together, all these metrics 
represented the model’s error size, error symmetry, and 
total explainability. Table  2 presents the results obtained 
using state-of-the-art ensemble learners and conventional 
techniques, covering the full spectrum of modeling 
techniques.

The strongest overall performance was demonstrated 
by the LightGBM–NN hybrid stacked model, which 
consistently outperforms all other models across every 
evaluation metric. It achieved the lowest error values, with 
an MSE of 4.90, RMSE of 2.21, and MAE of 0.91, along 
with an R2 of 0.9916, indicating that the model explains 
more than 99% of the total variance in the data. These 
results validate the effectiveness of the hybrid stacked 
architecture, which combines tree-guided learning with 
deep feature extraction to reduce bias and variance. This 
combination is often preferred in ML due to the better 
performance on complex, noisy datasets, offering broader 
generalization and increased stability.

The second-best performer is the multi-layer perceptron 
(MLP), which achieved an R2 of 0.9862, an MSE of 9.77, 
and an MAE of 1.82, indicating a widening performance 
gap. While the MLP maintains a strong ability to capture 
non-linearity, its overall fit remains inferior to that of the 
stacked architecture. Among ensemble tree techniques, the 
RF regressor and XGB regressor trail behind in accuracy, 
as single-tree models are eclipsed by neural and hybrid 
models. The RF regressor demonstrated a modest but 
stable performance with an MAE of 1.08, whereas the XGB 

Table 2. Experimental models and results

S. 
No.

Algorithm MSE RMSE MAE R2

1 LightGBM+neural network 
(hybrid stacked model)

4.90 2.21 0.91 0.9916

2 Multi‑layer perceptron (MLP\
FCNN)

9.77 2.85 1.82 0.9862

3 XGB regressor 18.21 4.27 1.30 0.9689

4 Random forest regressor (RFR) 20.91 4.57 1.08 0.9643

5 Extra trees regressor (ETR) 35.75 5.98 1.82 0.9390

6 Decision tree regressor (DTR) 63.73 7.98 2.22 0.8913

7 ARIMA 886.11 29.77 15.13 −0.1906

8 SARIMA 887.05 29.78 15.14 −0.1918

Abbreviations: ARIMA: Autoregressive Integrated Moving Average; 
FCNN: Fully connected neural network; MAE: mean absolute 
error; MSE: Mean squared error; RMSE: Root mean squared error; 
SARIMA: Seasonal Autoregressive Integrated Moving Average; 
XGB: Extreme gradient boosting.
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regressor lagged with a higher MAE of 1.30.

The extra trees regressor and decision tree regressor 
emphasize the importance of ensembling, yet their 
relatively poor performance underscores the limitations 
of shallow learners on complex datasets. The decision 
tree regressor, with an MAE of 2.22 and an R2 of 0.8913, 
ranked lowest among the tree-based models, reflecting the 
challenges shallow models face in capturing complex data 
patterns.

Regarding traditional time series methods, both 
Autoregressive Integrated Moving Average (ARIMA) and 
Seasonal ARIMA (SARIMA) models faced criticism for 
their underwhelming performance compared to present ML 
models. Their RMSE values, 29.77 and 29.78, respectively, 
and MSE values, 886.11 and 887.05, respectively, were 
generally unacceptable in practical applications. Moreover, 
their R2 of −0.1906 and −0.1918, respectively, were the 
poorest scores in the study, indicating that they performed 
worse than a simple predictor that merely predicted the 
historical mean. These shortcomings likely stem from the 
rigid structure of ARIMA and SARIMA models, which 
cannot easily incorporate unbounded external factors 
typical of contemporary environmental sensor data streams.

Overall, the results demonstrate a common theme: 
while traditional time series benchmarks may provide 
a baseline, only the hybrid stacked ensemble approaches 
near-perfect explainability and achieve impressively low 
error rates. This model sets a new standard for predictive 
applications that demand trustworthiness and high 
accuracy. Figure  5 demonstrates the performance of the 
five best-performing algorithms.

The complete hybrid model was trained on a standard 
desktop system (Intel i7-11700, 16 GB RAM, no GPU) to 
validate computational feasibility. Despite handling 1.8 
million records, training was completed in approximately 

2  h and 20  min, using <5 GB of memory. Generating a 
1-month forecast took less than 30 s. These figures confirm 
that the model can run comfortably on non-specialized 
hardware, making it viable for city agencies and research 
labs without high-performance computing resources.

4.2. Insights from SHAP analysis

In this study, SHAP was used to clarify the inner workings 
of the LightGBM model, the NN, and the pooled stacked 
ensemble, making each predictor easier for researchers to 
interpret. In the LightGBM analysis (Figure 6), the SHAP 
analysis identified three recent lagged PM10 readings—
averages over the past 7  days, 2  days, and the previous 
day—as the key factors affecting air quality forecasts. 
Their dominance reflects long-standing environmental 

Figure 5. Comparison of evaluation metrics for the top five best-performing models
Abbreviations: MAE: mean absolute error; MLP: Multi-layer perceptron; MSE: Mean squared error; RMSE: Root mean squared error; XGB: Extreme 
gradient boosting.

Figure 6. SHAP analysis of LightGBM
Abbreviation: SHAP: Shapley Additive Explanations.
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theory, which posits that PM levels tend to persist and 
gradually decay rather than change abruptly. By contrast, 
fixed features, such as city and country showed almost zero 
effect, confirming that present pollution loads, rather than 
location or time-specific factors, consistently drive the 
model.

The NN (Figure 7) showed a nearly identical pattern, 
that is, recent PM10 levels ranking highest in importance. 
However, its layered structure assigned small but noticeable 
weight to location, suggesting that the NN captures region-
specific trends or demographic patterns when such data are 
present. This additional responsiveness generates a slightly 
richer, albeit less parsimonious, prediction whenever site-
level behavior varies, reflecting the NN’s use of curved 
activation functions, producing smoother and more 
gradual influence distributions compared to the sharper 
transitions seen in tree-based models.

The stacked hybrid model exhibited a distinct pattern of 
interpretability when examined using SHAP (Figure 8). In 

this setting, the final prediction was primarily derived from 
the outputs of the two core models, that is, the LightGBM 
and the NN. Their combined output overshadows the 
influence of raw environmental features, which contribute 
almost nothing on their own. This pattern underscores 
the meta-learner’s role as a coordinator rather than an 
interpreter, leaving most of the explanatory work to the 
base models while fine-tuning the final score by averaging 
their predictions.

More importantly, the SHAP analysis revealed 
reassuring consistency at global and local levels across all 
configurations. Recent PM10 readings emerge as steady and 
robust predictors, and the capability of the hybrid stacked 
architecture stems from the skillful combination of these 
familiar signals. The dominance of the 7-day lag feature 
is not arbitrary—it mirrors the atmospheric persistence 
of PM. PM10 concentrations evolve gradually due to 
meteorological stability, boundary-layer retention, and 
continuous urban emissions. The strong autocorrelation 
between present and past readings reflects this physical 
behavior, rather than being a mere statistical correlation. 
While spatial features contributed marginally, SHAP 
and LIME demonstrated that they interact indirectly 
with temporal lags, showing that geography amplifies 
or dampens pollutant retention under specific weather 
conditions. This reinforces the environmental plausibility 
of the model’s reasoning.

4.3. Local explanation for model decisions

Typically, LIME zooms in and highlights the factors 
contributing to each prediction. For the NN in this study, 
the LIME analysis (Figure 9) identified “PM10 2 DaysAgo 
> 0.03” as the most significant feature, exerting a strong 

Figure 8. SHAP analysis of the proposed hybrid stacked model
Abbreviation: SHAP: Shapley Additive Explanations.

Figure 7. SHAP analysis of the NN
Abbreviations: NN: Neural network; SHAP: Shapley Additive 
Explanations.

Figure 9. LIME analysis of NN
Abbreviations: LIME: Local Interpretable Model-Agnostic Explanations; 
NN: Neural network.
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negative influence that lowers the forecast when this 
threshold is exceeded. In contrast, “PM10  7-Day Avg 
> 0.06” emerged as the most significant positive driver, 
enhancing the prediction accuracy. The “City >  0.24” 
feature exerted a negative but comparatively minor effect; 
in contrast, “Country > 0.40” contributed a slight positive 
boost. “0.02 < PM10 Yesterday ≤ 0.03,” “0.02 < PM10 5 days 
ago ≤ 0.03,” and calendar indicators, such as day or month 
also played a role, though their contributions remained 
modest. The LIME breakdown aligns with the global SHAP 
view, highlighting the lagged PM10 series as the primary 
contributor while revealing spatial features as context-
sensitive nuances effectively captured by the NN.

The LIME summary for the LightGBM model presents 
a different balance of influences while conveying a similar 
overall message (Figure 10). Here, “PM10 7DayAvg > 32.00” 
stood out with a strong positive influence on predictions, 
whereas “PM10 2DaysAgo > 31.00” acted as the second-

largest driver but effect in the opposite direction. Impacts 
from other lagged features and the city feature provide 
only slight fine-tuning. The key insight is that LightGBM 
forecasts depend almost entirely on recent air quality 
measurements, with the model sharply focusing on these 
dominant signals in a recursive manner.

By contrast, the LIME analysis of the hybrid stacked 
model (Figure  11) revealed a remarkably clean and 
intuitive interpretation. Here, the final prediction for each 
instance largely stemmed from the separate outputs of the 
underlying NN and LightGBM, with the meta-learner 
acting primarily as a blending mechanism. When the 
NN’s score exceeded 31.10, the meta-learner assigned 
it a heavy positive weight; however, if the reading of 
LightGBM surpassed 30.96, it slightly reduced that weight, 
maintaining a small gap between them. The logic is 
straightforward: The composer leverages the strengths of 
its two bases, trusting their ensemble view more than any 
single input feature.

4.4. Synthesis

Combining SHAP and LIME analyses yielded a remarkably 
unified account of model performance. The stacked hybrid 
system not only outpaced every competing architecture 
across key evaluation metrics but does so with scientific 
rigor and transparency. This superior performance 
primarily stems from the ensemble’s adept use of recent 
PM10 readings, a conclusion repeatedly corroborated by 
both the global perspective of SHAP and the localized 
viewpoint offered by LIME. The meta-predictive 
framework selectively forwards the most confident outputs 
from its base learners, thereby anchoring the final forecast 
in robust evidence. As a result, the hybrid design proves 
practically resilient, highly interpretable, and broadly 
adaptable—qualities essential for public agencies and 
environmental modelers alike. Altogether, these findings 
offer a compelling case for deploying stacked ensembles, 
such as LightGBM with NN, when minimizing error 
and maximizing clarity are critical. Backed by extensive 
benchmarking and layered interpretability, such a hybrid 
stacked framework established an ambitious benchmark 
for reliable, data-driven decision support in environmental, 

Table 3. Comparison of the hybrid stacked model with 
state‑of‑the‑art models

S. No. Model Year R2

1. ANN1 2024 0.7850

2. CNN–LSTM16 2023 0.8800

3. LightGBM+NN (hybrid stacked model) 2025 0.9916

Abbreviations: ANN: Artificial neural network; CNN: Convolutional 
neural network; LSTM: Long short‑term memory; NN: Neural network.

Figure 11. LIME analysis of the hybrid stacked model
Abbreviation: LIME: Local Interpretable Model-Agnostic Explanations.

Figure 10. LIME analysis of LightGBM
Abbreviation: LIME: Local Interpretable Model-Agnostic Explanations.
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health, and policy arenas. To further validate the outcomes 
of our proposed hybrid stacked model, it was compared 
with state-of-the-art models (Table 3).

5. Discussion
This study contributes to the body of knowledge regarding 
forecasting PM10 levels and the associated hybrid stacked 
model by demonstrating that a hybrid stacked model 
significantly outperforms traditional models in explained 
variance and error reduction. In this context, the model’s 
R2 value of 0.9916 indicates a significant improvement 
over traditional statistical models, such as ARIMA and 
SARIMA, which exhibited negative explained variance 
values of approximately −0.19. This highlights the inability 
of these models to capture the complex, high-dimensional, 
and non-linear nature of air pollution data. The hybrid 
model also surpasses the standalone XGB ML model 
(R2 = 0.9689) and the MLP (R2 = 0.9862). These findings 
demonstrate the advantage of integrating tree-based 
models with NNs to capture complex relationships while 
maintaining computational efficiency.24

Additional tests were conducted by segmenting 
cities according to industrial activity and climate type to 
evaluate model robustness across different environments. 
In all cases, the hybrid model maintained R2 values above 
0.98, albeit with slightly greater variance in coastal and 
high-emission regions. Such differences correspond with 
documented patterns of pollution persistence rather 
than model errors. Visual assessments of predicted 
and measured PM10 concentrations confirmed the 
geometric center of the regions, and the residuals were 
evenly distributed, supporting the model’s adaptability to 
various urban settings. This capability is essential for air-
quality management systems intended for practical policy 
implementation.

These findings validate and extend other studies 
indicating the need for advanced temporal dependence 
and non-linear methodologies in air quality prediction. 
More recent studies confirm the effectiveness of hybrid 
approaches that integrate variational mode decomposition 
with attention-augmented LSTM models in improving 
predictive accuracy by capturing latent dynamic features—
consistent with our models of reduced forecasting errors.24 
Feature importance assessments using SHAP and LIME 
indicate that the lagged PM10 parameters, especially 
the seven-day rolling mean and the one-day lagged 
concentration, are the most significant features. These 
findings support the air quality studies, emphasizing 
the time lag and autocorrelation of pollutants.25,26 The 
developed model offers apparent practical advantages 
over conventional deterministic and statistical models, 

which often fail to adequately capture the non-linear, 
spatiotemporal complexities of pollution data. The Ridge 
meta-learner balances base learners’ contributions to 
reduce potential overfitting and measurement noise 
dominance. This hybrid approach retains fast prediction 
capabilities while relying heavily on accurate, regularly 
updated lag features.

The model can be strengthened and generalized by 
incorporating real-time meteorological and auxiliary 
information. In summary, the developed hybrid stacked 
model delivers enhanced statistical measures and, to 
some extent, an interpretable framework aligning feature 
importance with domain knowledge. This is useful as 
it offers the relevant policymakers and stakeholders in 
environmental health actionable and pragmatic decision 
support. Incorporating additional real-time environmental 
data will be critical to streamline the model for effective air 
quality management in other regions. Complex frameworks 
built around physical air quality models should be tested in 
such regions.

6. Conclusion
The hybrid stacked model proposed in this study 
demonstrated strong accuracy in forecasting PM10 levels. 
Further development of such models could assist public 
health officials and environmental managers in optimizing 
health and environmental outcomes. Considering ease 
of use and policy relevance, this study recommends that 
decision-makers integrate the proposed model with 
other AI-based forecasting engines to enhance air quality 
monitoring and alerting systems, thereby improving 
model performance. The results further reveal that model 
accuracy tends to diminish when historical time-series 
pollutant data are used to estimate a model’s parameters. 
The real-time measurement of exogenous data, such as 
vehicle counts, industrial emissions, and even weather 
conditions, would improve the model’s operational 
performance and predictive efficacy. These forecasting 
models could support policymakers in implementing 
dynamic air quality management strategies, including 
real-time public advisory systems for urban areas that 
experience recurring pollution episodes. This aligns 
with recent bulletins from the World Meteorological 
Organization, which advocate for greater unification of 
air quality and climate initiatives, along with improved 
integrated monitoring and international collaboration, 
to reduce aerosol pollutants and public health risks. Such 
studies should aim to validate the model in other regions 
and socio-economic conditions that lack adequate air 
quality monitoring infrastructure, thereby promoting 
active and equitable air quality governance.
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Emphasizing the link between air quality forecasting, 
public policy decision support systems, and public health 
protection will support the more refined integration 
of formulated strategies to manage exposure to PM 
pollution for vulnerable populations. Ultimately, this study 
contributes a transparent and computationally efficient 
framework that advances the interface between science 
and policy, alleviating the transition toward healthier and 
more resilient urban areas.
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Abstract
Particulate matter (PM) of fine size (≤2.5 µm) remains one of the most significant 
global environmental risk factors for early mortality and morbidity, and more than 
90% of the global population currently lives in areas exceeding the World Health 
Organization 2021 guideline value of 5 µg/m3. This study introduces a temporally 
constrained transformer-based forecasting model to anticipate annual population-
weighted PM2.5 exposure across 204 countries and territories between 1990 and 2020, 
aimed at supporting evidence-based air quality and climate policy development. 
The framework is based on a filtered dataset from the State of Global Air, comprising 
6,323 country–year observations with harmonized exposure estimates and 
uncertainty bounds, allowing the model to capture long-range temporal variations 
and enduring heterogeneity among countries in exposure trends. A  time-aware 
expanding-window cross-validation approach was strictly implemented to prevent 
information leakage and ensure realistic predictive conditions. Five-fold temporal 
validation demonstrates strong performance across geographical locations, with 
mean squared error ranging from 0.00043 to 0.00115, root mean squared error from 
0.0207 to 0.0339 µg/m3, and mean absolute error from 0.0094 to 0.0193 µg/m3, with 
Nash–Sutcliffe efficiencies exceeding 0.95 on average. Continental-scale evaluation 
shows similar high accuracy in Europe and Oceania (root mean squared error 
<0.01 µg/m3; R2 > 0.98), while systematically higher errors are observed in Asia and 
Africa, which bear a higher pollution burden. The attention-weight inspection offers 
clear decompositions of temporal trends and country-specific patterns that drive 
predictions. The proposed framework is, therefore, a methodological and practical 
addition to transformer-based environmental forecasting and policy-relevant global 
health-risk assessment.

Keywords: PM2.5 exposure forecasting; Transformer architecture; Country embeddings; 
Global environmental health; Time-series deep learning; Explainable artificial intelligence

1. Introduction
Ambient fine particulate matter (PM) with an aerodynamic diameter below 2.5 µm (PM2.5) 
has been consistently identified as one of the leading global environmental risk factors, 
contributing substantially to premature mortality and morbidity across cardiovascular, 
respiratory, metabolic, and perinatal outcomes.1-3 Recent Global Burden of Disease 

Explora: Environment 
and Resource

*Corresponding author: 
Syed Azeem Inam 
(syed.azeem@smiu.edu.pk)

Citation: Inam SA, Umer S, 
Rajput H. Global PM2.5 exposure 
forecasting with novel deep 
learning architecture and 
explainable artificial intelligence. 
Explora Environ Resour. 
2025;2(4):025370067. 
doi: 10.36922/EER025370067

Received: September 10, 2025

Revised: November 30, 2025

Accepted: December 11, 2025

Published online: December 24, 
2025

Copyright: © 2025 Author(s). 
This is an Open-Access article 
distributed under the terms of the 
Creative Commons Attribution 
License, permitting distribution, 
and reproduction in any medium, 
provided the original work is 
properly cited.

Publisher’s Note: AccScience 
Publishing remains neutral with 
regard to jurisdictional claims in 
published maps and institutional 
affiliations.

https://dx.doi.org/10.36922/EER025370067
https://orcid.org/0000-0002-8876-0834
https://orcid.org/0009-0004-6566-1587
https://orcid.org/0009-0006-9073-4471
https://dx.doi.org/10.36922/EER025370067
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Volume 2 Issue 4 (2025)	 2� doi: 10.36922/EER025370067

Global PM2.5 exposure forecasting

Explora: Environment 
and Resource

(GBD 2021) analyses and World Bank assessments show 
that, despite gradual declines in age-standardized mortality 
rates, the absolute disease burden and economic costs 
linked to PM2.5 remain high, especially in low- and middle-
income regions. The World Health Organization (WHO)’s 
2021 air quality guidelines reduced the recommended 
annual mean PM2.5 concentration from 10 to 5 µg/m3, and 
more than 90% of the global population currently lives in 
areas exceeding this threshold, underscoring the urgency 
of reliable exposure assessment and forecasting.4-10

Against this backdrop, robust, globally consistent 
models that can forecast future population-weighted PM2.5 
exposure at the country scale are essential for tracking 
progress toward the WHO guidelines and for designing 
equitable, health-focused climate and air quality policies. 
While recent studies have integrated high-resolution 
atmospheric modeling, satellite retrievals, and exposure–
response functions to quantify current health risks, they 
typically provide retrospective assessments or short-
term forecasts rather than multi-decadal, cross-country 
exposure projections. The State of Global Air (SoGA) 
2024 dataset offers a unique foundation for such work 
by providing harmonized, population-weighted annual 
PM2.5 exposure estimates for 204 countries and territories 
between 1990 and 2020, derived from GBD modeling with 
combined satellite and chemicaltransport information.11,12

The present study develops a temporally rigorous 
forecasting framework built on this SoGA panel, using 
a carefully cleaned and normalized dataset of 6,323 
country–year observations that include exposure means 
and uncertainty bounds mapped consistently across all 
countries. The approach enforces a strictly time-aware 
datasplitting strategy based on expanding windows, 
ensuring that only earlier years are used for training and 
validation, while later, unseen years form the test sets to 
eliminate information leakage that can otherwise inflate 
performance in panel data. In contrast to conventional 
linear regression, random forests, and standard deep 
neural networks commonly used in emissions and air 
quality forecasting, the proposed framework employs a 
transformer architecture augmented with learned country 
embeddings to jointly capture long-range temporal 
dependencies and persistent cross-national heterogeneity 
in PM2.5 exposure trends.13

Transformers and related attention-based architectures 
have shown strong performance in energydemand 
forecasting and multi-pollutant air quality prediction, 
particularly when complex nonlinear relationships 
and variable temporal lags must be learned from large 
multivariate sequences. By combining self-attention with 

embedding layers, these models can integrate meteorological 
covariates, emission drivers, and spatial context more 
flexibly than recurrent networks such as long short-
term memory (LSTM) and gated recurrent unit models, 
especially for long histories where vanishinggradient 
issues can degrade recurrent performance. The present 
study extends these advances to the global PM2.5 exposure 
setting by learning continuous vector representations of 
countries that encode region-specific emission structures, 
policy histories, and socioeconomic trajectories, while the 
temporal self-attention mechanism emphasizes historically 
influential years for each forecast.14-17

A further distinguishing feature of the framework is 
its explicit integration of explainable artificial intelligence 
tools to make the forecasts transparent and policy-relevant. 
Post hoc attentionweight inspection is used to decompose 
how temporal trends, country embeddings, and exposure-
related features contribute to predict future PM2.5 levels, 
enabling interpretation of why particular regions remain 
above or fall below guideline values under different 
historical scenarios. This dual emphasis on predictive 
performance and interpretability positions the study as a 
contribution not only to the methodological literature on 
transformer-based environmental forecasting but also to 
the applied air quality and healthrisk communities seeking 
actionable, country-level evidence aligned with updated 
WHO guidelines.18,19

2. Related work
A large body of recent work has employed machine learning 
and deep learning models to forecast carbon dioxide 
(CO2) emissions and PM2.5 concentrations at national and 
regional scales, often demonstrating gains over traditional 
statistical baselines. Global analyses of national CO2 
emissions have combined multivariate regression and 
ensemble tree methods, such as random forests, to predict 
country-level fossilfuel emissions using socioeconomic 
and energy indicators, highlighting the importance of 
flexible, data-driven models for cross-country projections 
but focusing on CO2 rather than direct exposure metrics. 
In China, sector-specific studies have used support vector 
machines, backpropagation neural networks, and random 
forest-based feature selection to forecast industrial carbon 
emissions and to explore the timing of emission peaks 
under divergent policy scenarios, again emphasizing single-
country and sectoral perspectives rather than harmonized 
global coverage. Complementary efforts have applied 
nonlinear multivariate grey models and gradient boosting 
ensembles to transportsector or nationalscale CO2 series, 
offering improved short-term accuracy but remaining 
limited in geographic scope and model interpretability.20-22
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For PM2.5 itself, deep learning approaches have 
proliferated since 2021, particularly at city and regional 
scales where dense monitoring and meteorological data 
are available. Hybrid convolutional neural network 
(CNN)–recurrent neural network (RNN) architectures 
that combine convolutional feature extraction with LSTM 
or gated recurrent unit layers have been developed for 
forecasting hourly PM2.5 concentrations in multi-city 
settings in India and Europe, consistently outperforming 
classical RNNs and traditional machine learning baselines 
across multiple performance metrics. Multi-scale 
featurefusion networks using multi-input and multioutput 
deep learning frameworks have been proposed to 
model spatiotemporal pollution transport within urban 
agglomerations, capturing both intra-city meteorological 
interactions and inter-city advection patterns in regional 
PM2.5 episodes. Other work has integrated deep neural 
networks with numerical weather prediction outputs to 
forecast 6-h mean PM2.5 up to 2 days ahead, demonstrating 
that data-driven models can rival or exceed operational 
chemicaltransport models for short-range airquality 
forecasts.23-26

In parallel, several studies have explicitly targeted the 
challenges of missing data, spatial correlations, and cross-
regional transfer in PM2.5 forecasting. Multidirectional 
temporal CNNs have been employed to handle sequences 
with missing values, improving robustness by learning 
asymmetric temporal filters over past and future 
neighboring windows in the time series. Geographically 
correlationaware deep learning models have used spatial 
adjacency matrices and graph-based regularization to 
exploit relationships between monitoring stations when 
predicting PM2.5 levels, yielding accuracy gains over 
unstructured baselines. A  2025 cross-regional deep 
learning study evaluated feed-forward networks, LSTMs, 
DeepAR, and temporal fusion transformers (TFTs) for 
multipollutant forecasting across three distinct datasets, 
and reported that TFT and DeepAR achieved the best 
performance but required careful hyperparameter tuning 
and feature selection strategies to remain computationally 
tractable.23,27,28

More recent contributions have started to use vision–
sequence hybrids and multi-source data integration for 
PM2.5 forecasting, further illustrating the field’s shift 
toward high-capacity architectures. Dualchannel models 
combining convolutional encoders for surveillance or 
satellite images with LSTM layers for numerical pollution 
and meteorological time series have achieved substantial 
gains in predicting PM2.5 and PM10 concentrations in dense 
urban environments, highlighting the value of fusing 
visual and tabular information. Large-scale evaluations 

of deeplearning architectures for urban airpollutant 
prediction have compared multiple recurrent and encoder–
decoder LSTM variants, demonstrating that deep sequence 
models typically outperform simpler RNNs but still face 
limitations in modeling long histories and providing 
interpretable drivers of high exposure events. Despite these 
advances, most PM2.5 forecasting studies still operate at city 
or sub-national scales, focus on short-term horizons, and 
rarely incorporate country-level embeddings or structured 
explainability tailored to global exposure and healthrisk 
assessment.13,15,19,25,26,29,30

Within this evolving landscape, the present study makes 
several methodological and substantive contributions 
by targeting global, annual, population-weighted PM2.5 
exposure rather than local concentrations or CO2 emissions 
alone. First, it leverages the SoGA 2024 dataset to construct 
a harmonized panel of 204 countries and territories from 
1990 to 2020, enabling direct cross-national comparison 
and forecasting within a single model, whereas most 
existing PM2.5 studies are confined to one or a few regions 
with dense monitoring. Second, it adopts a transformer 
architecture with learned country embeddings, allowing 
the model to capture longrange temporal dependencies in 
multidecadal exposure sequences and encode persistent 
geographic, socioeconomic, and policy differences at 
the country level. This contrasts with the predominantly 
recurrent or convolutional designs in prior PM2.5 work 
and even with many transformerbased applications that 
do not explicitly learn spatial embeddings.14,15,22,24-26,31 
Third, the study enforces a rigorous time-aware cross-
validation framework with expanding training windows, 
ensuring that reported performance metrics reflect 
realistic forecasting conditions rather than benefiting from 
temporal information leakage present in randomly shuffled 
folds often used in panel data. Fourth, by integrating 
attention weight inspection, the framework provides 
transparent decompositions of how temporal patterns and 
country embeddings contribute to each forecast, moving 
beyond accuracy-only evaluations toward interpretable, 
policy-aligned modeling that can be directly related to 
WHO guideline attainment and regional healthburden 
trends documented by GBD 2021. Together, these design 
choices yield a model that not only aims for state-of-the-
art predictive performance but also offers an interpretive 
lens on global PM2.5 trajectories that is largely absent from 
existing deeplearning studies (Table 1).15,18,19,25,26,32

3. Methodology
3.1. Data preparation and preprocessing

We employed the SoGA 2024 dataset—a harmonized 
set of population-weighted estimates of annual PM2.5 
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exposure across 204 countries and territories (1990–2020). 
These estimates were based on GBD modeling conducted 
by the Institute for Health Metrics and Evaluation in 
collaboration with the Health Effects Institute. The raw data 
were processed systematically to ensure reproducibility 
and analytical rigor. First, data loading was performed 
using pandas with explicit column naming to prevent 
misalignment. Missing data were filled using time-based 
interpolation for continuous exposure series and median 
imputation for sparsely populated data, depending on the 
region, to maintain the geographic structure of the dataset. 
Country identifiers were standardized to three-letter 

International Standards Organization (ISO3) codes 
to remove duplication of entries arising from naming 
inconsistencies.

All categorical features, such as country and region 
assignments, were label-encoded as integers, whereas 
numeric features, namely exposure means, lower 
uncertainty bounds, upper uncertainty bounds, and year 
identifiers, were scaled to the [0, 1] interval using min–
max normalization to prevent high-magnitude features 
from dominating the learning process. This preprocessing 
pipeline yielded a clean panel dataframe of 6,323 country–
year observations for use in temporal sequence modeling.

Table 1. Distinction from recent state‑of‑the‑art models (2021–2025)

Study Target and scale Core method Interpretability focus Key limitations relative to the 
present work

Distinction of the present work

22 National fossilfuel 
CO2 emissions for 
117 countries

Multivariate regression 
and random 
forests using 12 
socioeconomic and 
energy indicators

Variable importance 
for socioeconomic 
drivers

Models CO2 but not PM2.5; uses 
tabular predictors rather than 
full exposure sequences; lacks 
learned spatial embeddings and 
time‑aware validation 

Forecasts annual population‑weighted 
PM2.5 across 204 countries using 
transformer sequence modeling 
with country embeddings and strict 
temporal cross‑validation

26 Hourly PM2.5 in an 
urban agglomeration

Multi‑scale 
featurefusion 
deep network 
with multi‑input–
multi‑output 
architecture

Limited to 
performance metrics 
and qualitative analysis 
of seasonal episodes

Restricted to one region and 
short‑term horizons; does not 
address global exposure or 
country‑level heterogeneity

Extends forecasting to global, annual 
exposure across 204 countries, 
emphasizing long‑range temporal 
dynamics and cross‑country 
differences via embeddings

25 PM2.5 in India, 
Milan, and Frankfurt

Hybrid CNN–RNN 
model combining 
convolutional and 
recurrent layers

Basic comparison of 
model components; 
limited structured 
explainable artificial 
intelligence

Focuses on three cities with 
limited spatial diversity; the 
recurrent backbone may 
struggle with multi‑decadal 
histories

Uses transformer self‑attention 
to handle long multi‑decadal 
country‑level sequences and embeds 
countries to capture persistent 
structural differences

13 24h forecasts of CO, 
nitrogen dioxide, 
carbon trioxide, 
PM2.5, and PM10 at 
the station level

Temporal fusion 
transformers and 
DeepAR compared 
with simpler networks

Some analysis of 
covariate importance 
and context length

Station‑level, short‑term 
forecasting; no explicit 
healthrisk framing or global 
countrycoverage; limited use of 
country‑scale embeddings

Applies transformer‑style modeling 
to national‑scale PM2.5 exposure with 
explicit country embeddings and 
positioning relative to WHO guideline 
attainment

15 City‑scale PM2.5 
using ground, 
meteorological, 
and remotesensing 
inputs

Graph convolutional 
and convolutional 
LSTM models for 
spatiotemporal 
learning

Focus on spatial 
structure; limited 
global policy 
interpretation

Constrained to specific 
metropolitan regions and short 
horizons, does not provide 
harmonized global coverage or 
country‑focused explainability​

Delivers a unified global panel for 
204 countries with attention and 
Shapley Additive exPlanations‑based 
interpretation of long‑term exposure 
trajectories ​

31 Station‑level PM2.5 
at multiple Spanish 
sites

Variational 
autoencoder with 
BiGRU encoder 
compared to VAE, 
LSTM, and GRU 
baselines

Primarily 
architecture‑level 
performance 
comparison

Singlecountry design; no 
global exposure or healthrisk 
integration; no country‑level 
embedding concept

Reorients deep learning 
toward globally harmonized, 
population‑weighted exposure, 
embedding country identities and 
linking forecasts to Global Burden of 
Disease‑style risk assessments

19 Hourly PM2.5, 
PM10, CO in urban 
environments

Multiple RNN and 
LSTM variants, 
including encoder–
decoder architectures

Comparative 
accuracy assessment; 
minimal structured 
explainability

Station‑level, short‑term 
focus; lacks cross‑country 
generalization and 
policy‑oriented, explainable 
artificial intelligence

Position transformer‑based, explainable 
forecasting at the national scale, directly 
supporting cross‑regional policy 
design and tracking of WHO guideline 
compliance

Abbreviations: BiGru: Bidirectional gated recurrent unit; CNN: Convolutional neural network; CO: Carbon monoxide; CO2: Carbon dioxide; 
GRU: Gated recurrent unit; LSTM: Long short‑term memory; PM: Particulate matter; RNN: Recurrent neural network; VAE: Variational autoencoder; 
WHO: World Health Organization.

https://dx.doi.org/10.36922/EER025370067


Volume 2 Issue 4 (2025)	 5� doi: 10.36922/EER025370067

Global PM2.5 exposure forecasting

Explora: Environment 
and Resource

The processed dataset exhibited the following summary 
statistics: exposure means of 26.46 ± 16.66 µg/m3 (range: 
4.9–107.0  µg/m3), exposure lower bounds of 18.64 ± 
12.08  µg/m3 (range: 1.79–77.0  µg/m3), and exposure 
upper bounds of 37.63 ± 24.59  µg/m3 (range: 5.33–
194.0 µg/m3). Pearson’s correlation analysis showed that 
the three exposure limits were strongly intercorrelated 
(r = 0.83–1.00), indicating the internal consistency 
of uncertainty quantification in the SoGA estimates 
(Table 2 and Figure 1).

3.2. Temporal cross-validation strategy

A strictly time-aware expanding-window cross-validation 
procedure was employed to prevent information leakage 
that can arise from randomly shuffled folds in panel data. 
Each fold was sorted by year, and five consecutive folds 
were constructed, where fold 1 used years 1990–1995 for 
training and 1996–2000 for validation, with 2001 as the 
held-out test year; fold 2 expanded the training window to 
1990–2005 and validation to 2006–2012, with 2013 as the 
test year; fold 3 used 1990–2010 for training and 2011–2015 
for validation, with 2016 as the test year; fold 4 expanded to 
1990–2015 for training and 2016–2018 for validation, with 
2019 as the test year; and fold 5 used 1990–2018 for training 
and 2019 for validation, with 2020 as the final held-out test 
year. This expanding-window protocol ensures causality 
and realistic forecasting conditions by ensuring that only 
past data are used to make predictions and provides 
accurate out-of-sample performance estimates that are not 
contaminated by any form of temporal leakage.

Table 2. Pearson’s correlation matrix for PM2.5 exposure 
estimates

Pearson’s correlation 
matrix

Lower‑bound 
exposure

Mean 
exposure

Upper‑bound 
exposure

Lower‑bound exposure 1.00 0.95 0.83

Mean exposure 0.95 1.00 0.96

Upper‑bound exposure 0.83 0.96 1.00

Figure 1. Distribution of PM2.5 exposure across countries and time periods: (A) Lower-bound exposure (n = 6,323), (B) mean exposure (n = 6,323), 
(C) upper-bound exposure (n = 6,323), (D) distribution of mean exposure in 2020, and (E) mean exposure in 2020
Abbreviations: PM: Particulate matter; WHO: World Health Organization.
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3.3. Transformer architecture with country 
embeddings

The proposed predictive model uses a transformer encoder 
architecture tailored to multivariate time-series forecasting. 
Instead of using standard attention mechanisms designed 
for natural language data, the architecture was scaled up to 
reflect the special properties of environmental time-series 
data, such as high autocorrelation, seasonal variation, non-
stationarity, and complex multivariate interactions. The 
model consists of three components:
(i)	 Country-embedding layers that encode country-

specific contextual information, which can include 
emission structures, history of policy events, and 
socioeconomic processes.

(ii)	 Positional-encoding layers that are tailored to learn 
both linear temporal dynamics and cyclic dynamics 
indicative of annual seasonal cycles in air pollution.

(iii)	Multi-head self-attention mechanisms that identify 
years with historically relevant impacts, irrespective of 
temporal distance, mitigating extended multi-decadal 
sequence vanishing-gradient problems in a regular 
recurrent network.

The model inputs are timestep-concatenated sequences 
of fixed temporal depth (lookback window) of year 
encodings, country encodings, and scaled exposure 
encodings (mean, lower, upper bound) at each timestep. 
For each country, the model is trained to learn a continuous 
D-dimensional embedding vector, initialized randomly 
but optimized through training, such that countries with 
similar pollution histories, meteorological patterns, and 
regional effects are increasingly drawn closer together in 
embedding space. This enables the transformer to generalize 
patterns across regions where historical data are sparse, 
by using structural similarities to data-rich countries. 
Each timestep t is represented by the combination of the 
embedding and normalized exposure and time-specific 
features, forming a single input representation. The multi-
head self-attention mechanism then evaluates attention 
weights over the entire history of timesteps, allowing the 
model to assign more weight to years that are predictively 
relevant to the target year and reduce the influence of noisy 
or anomalous data points (Figure 2).

3.4. Model training and hyperparameter 
optimization

The transformer model was trained using the Adam 
optimizer with a learning rate of 0.001 and a batch size 
of 32 by minimizing L2 loss (mean squared error [MSE]) 
between actual and predicted PM2.5 exposure values. 
Training continued for up to 200 epochs, with early 

stopping based on validation loss plateau (patience =15 
epochs) (Figure 3).

The key architecture parameters optimized through 
hyperparameter optimization included:
(i)	 The embedding dimension D, increased to 64 to 

balance expressiveness with computation efficiency.
(ii)	 The number of multi-head attention heads increased 

to 8 to allow parallel capture of varied temporal and 
feature relationships.

(iii)	The depth of the feed-forward network, fixed at 2 
layers with 256 hidden units each.

(iv)	 The dropout rate, fixed at 0.1 to prevent overfitting, 
given the relatively small number of folds.

(v)	 The number of transformer encoder blocks, fixed at 
3 to provide sufficient depth for learning complex 
patterns while ensuring computational efficiency and 
avoiding instability during training.

In addition, benchmark baseline models were developed 
for comparison: (i) A linear regression model using year 
and country-specific features, (ii) a random forest ensemble 
(100 trees) trained on the same preprocessed features, and 
(iii) an LSTM recurrent network with 64 hidden units and 
2 stacked layers, developed to determine whether gating 
mechanisms offer advantages compared to self-attention in 
this application. All models were trained and tested on the 
same expanding-window folds to ensure fair comparison 
under realistic forecasting scenarios.

3.5. Performance metrics and evaluation

The standard regression metrics used to evaluate model 
performance included:
(i)	 MSE: Measures the squared magnitude of the error 

between actual and predicted values.
(ii)	 Root MSE (RMSE): Expresses the error in the original 

units of measurement (µg/m3).
(iii)	Mean absolute error (MAE): Measures the average 

magnitude of error, regardless of direction.
(iv)	 Theil’s U-statistic (U2): A relative measure normalized 

by the variance of a naive forecast.
(v)	 Nash–Sutcliffe efficiency (NSE): Measures the 

proportion of variance explained relative to the total 
variance in observed data.

(vi)	 Coefficient of determination (R2): The fraction of 
variance explained by the model.

These measures were computed for each temporal 
cross-validation fold to assess variability, and further 
separated by geographic continent—Africa, Asia, Europe, 
North America, South America, and Oceania—to evaluate 
the model’s generalization across regions with varying data 
availability and pollution levels.
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4. Results
4.1. Overall model performance across temporal 
folds

The transformer-based framework (Table 3 and Figure 4) 
showed consistently strong performance across all five 
temporal validation folds. Fold-level MSE ranged from 

0.00043 to 0.00115 µg/m3, corresponding to RMSE values 
of 0.0207–0.0339  µg/m3, and MAE values of 0.0094–
0.0193  µg/m3. These MAEs correspond to prediction 
errors of approximately 0.4–2% relative to the global 
mean exposure (26.46  µg/m3). Notably, fold 5, which 
used the longest training window (1990–2018) and 
tested in 2020, yielded the lowest errors (MSE = 0.00043; 

Figure 2. Schematic of the transformer architecture incorporating country embeddings and a multi-head self-attention mechanism
Abbreviations: AI: Artificial intelligence; LIME: Local interpretable model-agnostic explanations; PM: Particulate matter; ReLU: Rectified linear unit; 
SHAP: SHapley Additive exPlanations.
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RMSE = 0.0207; MAE = 0.0094), suggesting that 
incorporating longer historical records improves 
forecasting accuracy for recent years, including the 
COVID-19 period (Table 4 and Figure 5). Across all folds, 

NSE exceeded 0.952, and R2 ranged from 0.952 to 0.983, 
indicating that the model explained 95–98% of the variance 
in annual population-weighted PM2.5 exposure. These 
metrics exceed those of the linear regression baselines and 
outperform the LSTM baselines in capturing temporal 
dependencies at the global scale. Theil’s U2 remained below 
0.17 across all folds, indicating better performance than a 
naive persistence forecast (constant exposure values).

Across all folds, NSE values exceeded 0.952, and R2 
values ranged from 0.952 to 0.983, indicating that the model 
explained 95–98% of the variance in annual population-
weighted PM2.5 exposure. These metrics substantially 
exceed the performance of linear regression baselines and 
demonstrate significant advantages over LSTM baselines 
in capturing complex temporal dependencies at the global 
scale. U2 remained below 0.17 across all folds, confirming 
that the model significantly outperforms the naive forecast 
of persistence (constant exposure values).

Table 3. Performance of experimental models across various metrics

Algorithm MSE RMSE MAE U2 NSE Coefficient of determination (R2)

Transformer+country embedding 0.000430 0.020726 0.009353 0.088952 0.983993 0.983993

RFR 0.000529 0.022992 0.009216 0.098728 0.980301 0.980301

RFR+FCNN 0.000531 0.023039 0.009439 0.098907 0.980220 0.98022

RFR+LSTM 0.000556 0.023571 0.010586 0.101215 0.979296 0.979296

XGBoost regressor+FCNN 0.000560 0.023664 0.015297 0.101601 0.979133 0.979133

XGBoost regressor 0.000575 0.023978 0.015691 0.102947 0.978575 0.978575

RFR+LSTM+BiLSTM 0.000764 0.027646 0.017125 0.118714 0.971519 0.971519

Decision tree regressor 0.000824 0.028703 0.011105 0.123251 0.969301 0.969301

Extra trees regressor+LSTM+BiLSTM 0.003283 0.057299 0.034145 0.245899 0.877656 0.877656

Poly regression+MLP 0.003370 0.058053 0.034307 0.249092 0.874417 0.874417

Extra trees regressor 0.003713 0.060938 0.036276 0.261478 0.861623 0.861623

Extra trees regressor+FCNN 0.003829 0.061882 0.036277 0.265498 0.857301 0.857301

LSTM+BiLSTM tuned 0.024479 0.156457 0.114071 0.671823 0.087828 0.087828

LSTM+BiLSTM 0.025492 0.159662 0.116185 0.685582 0.050079 0.050079

Linear regression+MLP 0.025812 0.160660 0.119777 0.689862 0.038161 0.038161

Linear regression+BiLSTM 0.025857 0.160802 0.119032 0.690485 0.03646 0.03646

LSTM 0.025889 0.160900 0.118826 0.690899 0.035292 0.035292

BiLSTM 0.026045 0.161385 0.119859 0.692981 0.029465 0.029465

FCNN 0.026471 0.162698 0.115558 0.698591 0.013609 0.013609

Polynomial regression 0.026820 0.163767 0.120827 0.703203 0.000604 0.000604

Linear regression 0.026878 0.163946 0.120913 0.703970 −0.00159 −0.00159

Support vector regression 0.027550 0.165981 0.116921 0.712674 −0.02660 −0.0266

Polynomial regression+BiLSTM 0.029380 0.171407 0.123198 0.735981 −0.09482 −0.09482

Abbreviations: BiLSTM: Bidirectional long short‑term memory; FCNN: Fully convolutional neural network; LSTM: Long short‑term memory; 
MAE: Mean absolute error; MLP: Multi‑layer perceptron; MSE: Mean squared error; NSE: Nash–Sutcliffe efficiency; RFR: Random forest regressor; 
RMSE: Root mean squared error; U2: Theil’s U‑statistic.

Figure 3. Training versus validation loss (tilted cross entropy)
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4.2. Geographic stratification: Continental 
performance

The findings revealed that performance varied 
systematically across continental regions, reflecting 
differences in data density and pollution gradients (Table 5). 
Europe demonstrated the most accurate predictions 

(RMSE = 0.0099 µg/m3; R2 = 0.9802; MAE = 0.0073 µg/m3), 
consistent with the availability of dense ground monitoring 
networks and historical satellite aerosol optical depth 
data. Oceania similarly achieved high accuracy 
(RMSE = 0.0054 µg/m3; R2 = 0.9741; MAE = 0.0041 µg/m3), 
reflecting the region’s lower absolute pollution levels and 

Table 4. Five‑fold cross‑validation

Fold MSE RMSE MAE U2 NSE Coefficient of determination (R2)

1 0.000708 0.026617 0.016076 0.117994 0.972400 0.972400

2 0.000884 0.029737 0.017653 0.132530 0.968651 0.968651

3 0.001098 0.033133 0.018175 0.163215 0.955181 0.955181

4 0.001152 0.033945 0.019264 0.167204 0.952957 0.952957

5 0.000430 0.020726 0.009353 0.088952 0.983993 0.983993

Abbreviations: MAE: Mean absolute error; MSE: Mean squared error; NSE: Nash–Sutcliffe efficiency; RMSE: Root mean squared error; U2: Theil’s 
U‑statistic.

Figure 4. Comparison of performance metrics across all evaluated models
Abbreviations: DTR: Decision tree regression; FCNN: Fully convolutional neural network; LSTM: Long short-term memory; MAE: Mean absolute error; 
MSE: Mean squared error; NSE: Nash–Sutcliffe efficiency; R2: Coefficient of determination; RFR: Random forest regressor; RMSE: Root mean squared 
error; TCE: Tilted cross entropy; U2: Theil’s U-statistic; XGB: XGBoost.
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the model’s enhanced capacity to predict low-exposure 
environments. North America exhibited comparable 
performance (RMSE = 0.0099  µg/m3; R2 = 0.9784; 
MAE = 0.0072 µg/m3), reinforcing the pattern that regions 
with well-established monitoring infrastructure achieve 
superior forecast accuracy.

In contrast, Africa and Asia, the regions bearing the 
highest disease burden from PM2.5 exposure, exhibited 
higher prediction errors. Africa yielded an RMSE of 
0.0352 µg/m3 (R2 = 0.9609; MAE = 0.0240 µg/m3), while 
Asia yielded an RMSE of 0.0444  µg/m³ (R2 = 0.9270; 
MAE = 0.0301 µg/m3). These elevated errors reflect the 
documented sparsity of ground measurements in sub-
Saharan Africa and South Asia, necessitating heavier 
reliance on satellite aerosol optical depth retrievals and 

chemical transport model inversions in the underlying 
SoGA dataset. Pre-1998 estimates for dust-dominated 
nations in these regions carry uncertainties exceeding 
50% of reported concentrations, with errors substantially 
propagated from input data quality rather than limitations 
of the forecasting algorithm. South America exhibited 
intermediate performance (RMSE = 0.0302  µg/m3; 
R2 = 0.9738; MAE = 0.0154  µg/m3), consistent with 
moderate data density and pollution levels in the region 
(Figure 6).

4.3. Country and regional trends

Global PM2.5 exposure declined significantly over the 
30-year study period, with mean population-weighted 
exposure decreasing from approximately 30 µg/m3 in 1990 

Table 5. Model performance metrics by continent

Continent MSE RMSE MAE U2 NSE R2

Africa 0.001238 0.035178 0.024005 0.145225 0.960884 0.960884

Asia 0.001968 0.044360 0.030110 0.194203 0.927039 0.927039

Europe 9.70×10−5 0.009854 0.007251 0.097922 0.980152 0.980153

North America 9.77×10−5 0.009884 0.007243 0.109884 0.978373 0.978374

South America 0.000914 0.030232 0.015411 0.119095 0.973797 0.973797

Oceania 2.90×10−5 0.005381 0.004148 0.104708 0.974060 0.974060

Abbreviations: MAE: Mean absolute error; MSE: Mean squared error; NSE: Nash–Sutcliffe efficiency; R2: Coefficient of determination; RMSE: Root 
mean squared error; U2: Theil’s U‑statistic.

Figure 5. Five-fold cross-validation
Abbreviations: MAE: Mean absolute error; MSE: Mean squared error; NSE: Nash–Sutcliffe efficiency; R2: Coefficient of determination; RMSE: Root mean 
squared error; U2: Theil’s U-statistic.
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Table 6. Top 10 countries by PM2.5 exposure in 1990 and 2020

No. Country Mean (1990) Mean (2020) Change % change

1 Bolivia 82.8 22.9 −59.9 −72.34

2 Peru 80.7 27.0 −53.7 −66.54

3 Ecuador 47.0 16.7 −30.3 −64.47

4 Singapore 35.0 13.9 −21.1 −60.29

5 Moldova 34.7 14.8 −19.9 −57.35

6 Guatemala 40.9 21.6 −19.3 −47.19

7 Belarus 32.9 14.6 −18.3 −55.62

8 Ukraine 33.1 14.9 −18.2 −54.98

9 Mexico 32.3 15.0 −17.3 −53.56

10 Pakistan 60.3 43.0 −17.3 −28.69

Figure 6. Model performance metrics across continents
Abbreviations: MAE: Mean absolute error; MSE: Mean squared error; NSE: Nash–Sutcliffe efficiency; R2: Coefficient of determination; RMSE: Root mean 
squared error; U2: Theil’s U-statistic.

to 23.2 µg/m3 in 2020, reflecting the cumulative impact of 
air quality regulations in developed nations and improved 
emission controls in rapidly developing countries. 
However, substantial heterogeneity persists across 
countries. Leading polluted nations in 2020 included Qatar 
(mean exposure: 87.9  µg/m3), Niger (mean exposure: 
85.1  µg/m3), Mauritania (mean exposure: 77.3  µg/m3), 
Bahrain (mean exposure: 67.4 µg/m3), and Egypt (mean 
exposure: 63.8  µg/m3), all substantially exceeding the 
WHO guideline of 5 µg/m3 (Table 6).

Notably, countries demonstrating the largest absolute 
improvements in air quality included Peru (−53.7 µg/m3 
reduction; −66.5%), Bolivia (−59.9 µg/m3; −72.3%), Ecuador 
−30.3  µg/m3; −64.5%), and Singapore (−21.1  µg/m3; 
−60.3%), reflecting aggressive air quality management, 
economic restructuring, and technology adoption in these 
nations. One-sample Z-testing against the WHO guideline 
of 5  µg/m3 demonstrated that the global population-
weighted exposure in 2020 significantly exceeded the 
health-protective threshold (mean = 25.3 µg/m3; Z = 11.04, 
p<0.001), representing a five-fold departure from guideline 
values. Regional stratification revealed that South Asia 
maintained the highest mean exposure (35.2  µg/m3), 
compared to 9.7 µg/m3 in Europe (two-sample Z = 4.99, 
p<0.001), underscoring substantial geographic inequality 
in air pollution burden (Figure 7).

Figure 7. Time-series trajectories of average PM2.5 exposure by year
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4.4. Statistical comparison of regional exposure 
trajectories

One-way analysis of variance (ANOVA) with type  III 
sums of squares, appropriate for the imbalanced regional 
sample sizes in the 2020 data (Table  7), revealed highly 
significant differences in PM2.5 exposure across geographic 
regions (F7,85 = 16.43; p<10−13). Post hoc Tukey pairwise 
comparisons identified significant contrasts between 
multiple region pairs. South Asia and Europe differed 
substantially (mean difference = 25.5 µg/m3); however, this 
pairwise comparison was not statistically significant after 
Bonferroni correction, as the adjusted 95% confidence 
interval included zero, despite the large effect size. East 
Asia and the Pacific significantly differed from the Middle 
East and North Africa (mean difference = 19.3  µg/m3, 
p=0.003), similar to the contrast between Europe/North 
America and South Asia (mean difference = 25.5 µg/m3, 
p<0.001), confirming the geographic heterogeneity of the 
air pollution burden.

Two-way ANOVA was conducted to evaluate the effects 
of region and year using balanced subsets for 1990, 2000, 
2010, and 2020. The findings revealed highly significant 
effects of region (F7,339 = 46.7; p<10−46) and a significant 
temporal decline in exposure (F3,339 = 2.86; p=0.037), 
with no significant interaction (F21,339 = 0.46; p=0.979), 
indicating that pollution reduction trends are consistent 
across geographic regions (Table  8). Repeated-measures 
ANOVA within regions across the four selected years 
confirmed a significant temporal decline (F3,21 = 5.39; 
p=0.0066), reflecting global progress toward improved 
air quality despite ongoing challenges in achieving WHO 
guideline compliance (Figure 8).

4.5. Explainability analysis: Attention weights

Attention-weight analysis examining the learned self-
attention mechanisms revealed that, for countries 
experiencing recent air-quality improvements, the model 
focused attention weights on historical periods immediately 
preceding major policy shifts, such as the introduction of 
vehicle emission standards or industrial sulfur dioxide 
regulations. The model consistently emphasized these 
inflection points despite their temporal distance, enabling 
it to recognize that policy-driven structural breaks in 
pollution trends provide predictive leverage for future 
years (Figure 9).

5. Discussion
The present study proposes a temporally rigorous 
transformer-based forecasting model for predicting global 
population-weighted PM2.5 exposure. The framework 

Table 7. One‑way analysis of variance with type III sums of 
squares for an unbalanced dataset

Source Sum of 
squares

Degrees of 
freedom 

F‑statistic p‑value 
(PR[>F])

Intercept 3,543.122 1 24.463 3.77×10−6

C (region) 16,657.836 7 16.43 1.65×10−13

Residual 12,311.031 85 ‑ ‑

Table 8. Two‑Way analysis of variance examining the effects 
of region and year on PM2.5 exposure

Source Sum of 
squares

Degrees of 
freedom 

F‑statistic p‑value 
(PR[>F])

Region 66,726.83 7 46.7 3.90×10−46

Year 1,754.48 3 2.86 0.0366

Interaction 
(Region–year)

2,004.52 21 0.46 0.9795

Residual 69,185.06 339 ‑ ‑

Figure 8. Boxplot of mean PM2.5 exposure by region

Figure 9. Transformer attention weights
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provides realistic performance estimates based on 
harmonized 30-year panel data of 204 countries and 
employs time-aware validation protocols that reflect 
realistic operational forecasting conditions and prevent the 
inflation of metrics due to temporal leakage. Consistently 
high performance across all folds (NSE > 0.95; R2 > 0.95) 
indicates that PM2.5 exposure can be forecasted with 
reasonable accuracy using historical sequences, supporting 
the hypothesis that PM2.5 exposure is learnable and shaped 
by long-term regional characteristics, policy contexts, and 
economic frameworks.

The geographic stratification of findings, with its 
emphasis on performance excellence in Europe and 
Oceania and the presence of higher errors in Asia and 
Africa, reflects a limitation of the original SoGA dataset. In 
particular, uncertainty exceeds 50% in pre-1998 estimates 
in dust-dominated countries, caused by the sparsity of 
data in regions with the highest health burden, suggesting 
that reported errors in these areas are more due to input 
data limitations than algorithm failure. This limitation 
can be mitigated as low-cost sensor networks proliferate 
and hybrid ground–satellite calibration systems mature, 
enabling future models to achieve more consistent global 
precision.

The interpretation of model predictions to guide policy 
recommendations must be systematically conducted by 
quantifying uncertainty within each region, especially 
when the projections are used to estimate health burdens or 
prioritize interventions in high-uncertainty areas. Another 
notable development in architecture is the introduction 
of country embeddings as a set of learnable parameters 
that are independent of one-hot or integer encoding. The 
model can achieve better generalization on data-sparse 
areas and be interpretable by allowing countries to occupy 
a continuous vector space based on learned similarities 
in pollution dynamics. Shapley Additive exPlanations 
and attention-weight analyses validate that embeddings 
represent meaningful country-level structures, with 
countries that have similar pollution profiles, geographic 
locations, or economic structures becoming more 
clustered during training, thereby enabling the transfer of 
predictive signals across borders. This method significantly 
outperforms baseline methodologies, which assume 
countries as non-moving categorical characteristics, 
justifying its use in future international environmental 
forecasting exercises.

The advantage of the transformer-based methodology 
over the LSTM and CNN baselines can be explained by 
the similarity of the architecture to the time-series nature 
of environmental data. Although LSTMs are effective at 
learning short-  to medium-range dependencies, gated 

information tends to decay over multi-decadal sequences, 
particularly when seasonal dependencies must be 
captured over 20–30-year lookback periods. In contrast, 
transformers can directly attend to historically relevant 
years; no matter how many years have passed, a policy 
implemented 15  years ago can still be considered a key 
predictor of current trends if background circumstances 
remain relatively similar. Modeling such long-range 
dependencies is particularly useful for environmental 
applications, where policy impacts are often lagged and 
sustained.

The capacity of the proposed framework to model the 
entire range of the exposure level (i.e., from near guideline 
compliance to severe pollution) is evidenced by the model’s 
high accuracy in low-pollution environments (e.g., Europe, 
Oceania, and North America). This capability is essential 
for policy applications, as it allows differentiation between 
regions where controls have been effectively implemented, 
with values close to the guideline, and regions where air 
quality is in the early stages of improvement. It is important 
to model both tails of the exposure distribution accurately. 
The accuracy of the model, with an RMSE of <0.01 μg/m3 

in low-pollution areas, is sufficient to track the progress 
toward WHO guideline attainment, enabling countries 
to adjust policies when exposures approach the safety 
threshold.

The observed global improvement in air quality, reflected 
in a median exposure reduction from approximately 
30 μg/m3 to 23 μg/m3 over 30  years, represents the 
aggregate effect of policies in developed countries and 
the transfer of technology to rapidly industrializing 
economies. However, the fact that more than 90% of the 
global population still lives in areas exceeding the WHO 
limit of 5 μg/m3, and that South Asian populations are 
3.6  times more frequently exposed to air pollution than 
European populations, underscores that, despite progress, 
air pollution remains a major modifiable risk factor for 
early mortality and morbidity. The predictive power of 
the model provides quantitative data to inform policy 
development: Policymakers can use forecasts to determine 
whether existing emission control policies will achieve 
guideline targets within defined time frames or whether 
more stringent interventions are required.

This framework should be further developed in 
several complementary directions in future work. First, 
exogenous predictors (e.g., meteorological covariates such 
as temperature, precipitation, wind patterns, and satellite 
aerosol optical depth retrievals) could be integrated into the 
model to improve the predictive performance, particularly 
in data-sparse areas where meteorological variation is 
linked to changes in exposure. Second, ensemble methods 

https://dx.doi.org/10.36922/EER025370067


Volume 2 Issue 4 (2025)	 14� doi: 10.36922/EER025370067

Global PM2.5 exposure forecasting

Explora: Environment 
and Resource

that combine transformer predictions with domain-
specific chemical transport model outputs could leverage 
both the flexibility of data-driven approaches and the 
constraints of physical models, which may result in greater 
robustness. Third, probabilistic quantile regression can be 
incorporated to generate prediction intervals instead of 
point estimates, which would be beneficial to decision-
making under uncertainty and is particularly important 
in policy contexts where guideline compliance depends on 
the interpretations of uncertainties. Fourth, sub-national 
exposure variability could be better predicted by creating 
spatially disaggregated models; however, this would require 
access to higher-resolution input data, which is currently 
unavailable for most low- and middle-income countries.

6. Conclusion
This study demonstrates the applicability and potential of 
transformer-based designs with learned country embeddings 
for predicting global, multi-decadal PM2.5 exposure. 
Temporal rigor was imposed using expanding-window 
cross-validation, which provides more realistic forecasting 
performance for operational scenarios and strengthens 
confidence in policy applications. This is achieved through 
the combination of high predictive performance and 
interpretable decompositions obtained with Shapley Additive 
exPlanations and attention-weight analyses, making the 
framework a methodological breakthrough that enables 
evidence-based and transparent environmental policy design. 
The observed geographic heterogeneity in performance can 
be explained by insufficient underlying data quality rather 
than limitations of the algorithm; however, the framework 
also provides a foundation for future improvements as 
monitoring infrastructure expands and satellite-ground 
calibration products become more advanced. The ability to 
predict annual national-level PM2.5 exposure with reasonable 
precision, augmented by explicit quantification of local 
uncertainty, equips policymakers to set science-based air 
quality targets, track progress toward WHO guidelines, and 
design climate-health interventions informed by quantitative 
exposure forecasts. With the growing global focus on air 
quality regulation and the increasing health and economic 
costs of pollution, transformer-based forecasting models 
provide actionable, interpretable information and can 
support the transition toward healthier and more sustainable 
atmospheric conditions.
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The ecological and socio-economic impacts of invasive alien species are demonstrably 
substantive at the global level and may be locally devastating.1 Scientific evidence lies at 
the heart of effective approaches to combating this well-recognized problem. Given the 
associated costs, it is crucial to develop and test these solutions with careful consideration 
of the risks involved. On this basis, we wish to counter the premature conclusion of 
the recent paper by Veldtman and Strydom2 on assessing the effectiveness of Australian 
Acacia biological control in South Africa. The study used primarily seed-reducing agents 
and concluded that the seed-reducing biocontrol program on these plants is a wasted 
effort.

Biological control is one of the few interventions that can lead to a permanent 
improvement in the state of biodiversity in ecosystems under severe invasion pressure.3 
In the case of plant invasions, where physical control is costly, biological control has 
offered an effective and affordable means to reduce the viability of invasive populations, 
and thus significantly increase the effectiveness of physical control efforts. We not only 
criticize here the conclusion of Veldtman and Strydom as premature and arguably 
irresponsible, but also propose that their valuable work could be far more productively 
framed.

Veldtman and Strydom’s paper points out, correctly, that pre-treatment baselines 
and monitoring data are necessary to accurately gauge the effectiveness of control 
interventions.2 This has, in fact, been done in the case of Australian acacias in South 
Africa within the limits of resources available. Veldtman and Strydom’s work has 
demonstrated that, in some situations, there is still an abundance of seed despite the 
application of biological control. The problem is that confining any assessment to this 
one consideration ignores the bigger picture and, therefore, invalidates any assumptions 
that biological control is not working. The obvious patterns of change that have 
happened since biological control was initiated on Australian Acacia species in South 
Africa provide evidence that unquestionable benefits have ensued, and continue to do 
so, from deploying seed-reducing and other agents against the invasive Acacia species. 
Some additional aspects are outlined below.

We concede that a plant population may persist on a site in the presence of seed-
reducing biological control agents. However, it should be recognized that dispersal from 
that site is a function of the number of seeds produced,4,5 and that shorter dispersal 
distances will reduce the rate of spread to new sites. This, in turn, will increase the 
effectiveness of physical control efforts. There is a threshold in terms of control effort 
that needs to be reached before the spread can be reversed.6 When seed production is 
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reduced, that threshold will be lower, and therefore more 
affordable and attainable. There are also two independent 
data sources, one from roadside surveys and the other from 
remote sensing, showing that populations of Australian 
acacias under biological control have contracted,7,8 or 
spread relatively less than other invasive plants at a national 
scale in South Africa. These findings are supported by other 
extensive, thorough, long-term monitoring projects.9,10

Reducing the number of seeds can also reduce the 
invasive potential of an introduced species. The success 
of invasive species is enhanced by post-introduction 
evolution.11 Substantial reductions in the numbers of seeds 
produced will correspondingly reduce the effectiveness of 
this selective pressure, again assisting control efforts.

Interactions between alien and indigenous plants, as 
well as granivorous species, also need to be considered. 
Using Acacia saligna as an example, seed bank dynamics 
are substantially affected by stand density and the impact 
of seed consumption by rodents. While rodents consume 
significant numbers of A. saligna seeds, the rodents 
avoided closed canopy stands before the introduction of 
the pathogenic fungus Uromycladium morrisii. Dense 
stands that existed before the introduction of the fungus 
led to the extirpation of indigenous plants.12 Following the 
introduction of U. morrisii, the stand density and canopy 
cover of A. saligna have declined, and rodents now consume 
more seeds. In addition, the relatively open canopies allow 
the persistence of some indigenous plants and the ongoing 
replenishment of their seed banks. Biological control has 
thus made it possible for indigenous species to re-establish 
after physical clearing,13,14 a factor that was not considered 
by Veldtman and Strydom.

In South Africa, the decision to restrict biological 
control to seed-reducing agents was made to protect plants 
with commercial value.15 Some seeds will always survive, 
and Veldtman and Strydom suggest that drastic reductions 
in seed production (>99%) may be necessary to prevent 
the persistence of acacias on a particular site. This point is 
considered, but one of the largest management problems 
is dealing with the massive regeneration of seedlings from 
soil-stored seed banks after fires. A substantial reduction 
in seed production, achieved using biological control, 
will almost certainly reduce this effort, again making 
physical control possible where it would otherwise not 
have been. We contend that if we had introduced the 
seed-feeding biological control agents when the trees 
were first introduced, the massive seed banks would likely 
not have developed, and the problem would have been 
easier to manage. As the use of Australian Acacia trees 
is growing around the world,16 it would be important to 
try to reduce the invasion debt that this is causing. We 

therefore recommend seed-reducing biological control as 
a practical, proven technology to assist with this. Such a 
practice could, for example, be incorporated into global 
guidelines for the use of non-native trees.17

We acknowledge shortcomings in the historic 
assessment of control effectiveness. However, in South 
Africa, studies have been conducted on multiple sites 
with several species for over 20  years.10,18 To justify the 
conclusion that seed-reducing agents are not effective 
in helping to control Australian Acacia species, it would 
be necessary to provide more convincing evidence than 
Veldtman and Strydom’s current limited study of seed 
banks in predetermined, but not necessarily representative, 
sites (e.g., they only studied sites where the acacias were 
abundant, with closed canopies, only considered intra- and 
not inter-species competition and interactions, and did not 
consider impacts on spread from the site). What is needed 
is an evaluation of efficacy in the context of what would 
have happened if the intervention had not been there (i.e., 
a counterfactual study at a landscape scale).19

We must also guard against the implied general 
conclusions that biological control is not warranted. 
For example, Veldtman and Strydom list one of the 
“consequences” of (in their view, unwarranted) support 
for biological control as “more investment into biological 
control in South Africa.” This is not a negative consequence 
and ignores the fact that biological control has brought 
numerous problematic species under control, not only 
in South Africa but globally, and that biological control 
is the only management intervention that has resulted 
in declines in such species when assessed at a national 
scale.7,8 Further investment in biological control in South 
Africa and elsewhere globally would therefore bring 
significant benefits to ecosystems and society. Veldtman 
and Strydom’s work has provided additional insights into 
some of the dynamics of invasive alien plant populations 
as affected by biological control. However, it would be 
far more constructive to pool their findings with those of 
others within a broader framework than to condemn the 
exercise as a “waste of effort.”
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In South Africa, the existing weed biocontrol programs are lauded as successful and 
considered an essential approach to addressing plant invasions nationally.1,2 Using the 
much-researched biological control program on Australian Acacias using seed-feeding 
agents; however, Veldtman and Strydom2 illustrated the weak scientific base for claiming 
success of biological control agents in suppressing these species. Noteworthy, van Wilgen 
and Richardson1 state that South Africa is a world leader in weed biocontrol; therefore, 
framing our arguments using the textbook Australian Acacia biocontrol program 
is appropriate. We thank van Wilgen et al.3 for responding to our review paper2 as it 
advances further scientific discourse in the use of biological control agents on invasive 
weed species.

The criticisms by van Wilgen et al.3 regarding our review create the impression that 
several of the main points were missed. They state “Veldtman and Strydom’s paper points 
out, correctly, that pre-treatment baselines and monitoring data are necessary to accurately 
gauge the effectiveness of control. This has in fact been done in the case of Australian 
acacias in South Africa.”3,p.1 We are not sure if we misunderstood this statement. Our 
review cites every primary peer-reviewed study on Australian Acacia biological control, 
seed bank dynamics, and effects of fire, and none of these studies have proven an effect 
of the released agents. In addition, few, if any, of these investigations have been done with 
the purpose of serving as baseline data or for monitoring purposes. Furthermore, it is 
claimed that in our review, only seed abundance, and not the wider context, is considered. 
However, Veldtman and Strydom2 considered all aspects listed by van Wilgen et al.3 to 
assess biological control success. This included reviewing the literature of the area of 
occupancy, dispersal rate, population dynamics, seed bank dynamics, and interspecific 
relationships of invasive Australian Acacia within their invaded ranges in South Africa.

Second, van Wilgen et al.3 state that we present insufficient evidence to indicate that 
the Australian Acacia biocontrol has been unsuccessful. A major point of our review is 
that appropriate hypothesis testing requires data to reject the null hypothesis of no effect 
to demonstrate that biocontrol on Australian Acacia is effective, otherwise the chance 
of a Type 1 error is too great. As shown in Table 2 of our review,2,pp.6-8 no studies have 
demonstrated that the release of biocontrol agents on the invasive Australian Acacia in 
South Africa has sufficiently impacted their population’s dynamics to the extent that it 
has reduced their invasive impact. Instead, the assertion that this biocontrol program 
has reduced the impact of these species is almost solely based on expert opinion or 
counterfactual arguments.1,4,5
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Third, as van Wilgen et al.3 have noted, the broader 
question of whether biological control of weeds in general 
can result in desirable outcomes6 is not directly relevant 
when reviewing the success of a specific weed biocontrol 
program. For instance how can the successful biological 
control of cacti or water weeds7 be used to justify or predict 
the success of biocontrol efforts targeting Australian 
Acacia?

Van Wilgen et al.3 suggest that any reduction in seed 
production by seed-reducing agents will translate in a 
reduced rate of spread of invasive plants. However, this 
assumption overlooks thresholds below which seed-
reducing agents need to reduce seed production to 
decrease the short-  and long-distance dispersal rates of 
their invasive host plants.8-10 In addition, the level to which 
specialist seed-predators, such as all biocontrol agents 
released against invasive Australian Acacia in South Africa, 
can reduce host dispersal rate, is a function of the host 
plants’ dynamics rather than that of the biological control 
agents.11 For example, where a host plant population has no 
Allee effect, the dispersal rate cannot be slowed or reversed, 
even in the presence of strong predation. At present, the 
seed production thresholds required to reduce dispersal 
in invasive Australian Acacia have not been determined 
empirically, nor is it known whether these species exhibit 
Allee effects at low densities. The assumption that seed-
reducing biocontrol agents limit dispersal rate is therefore 
not empirically substantiated.

We already critiqued the use of comparative invasion 
rates from Henderson and Wilson12 to assess seed biological 
control,2 who argue that invasive Australian Acacia display 
lower dispersal rates than other invasive plants in South 
Africa. This comparison is problematic as it compares 
species with differing growth forms, life histories, modes of 
dispersal, and invasion stages. Moreover, Henderson and 
Wilson12 do not provide evidence that the rate of spread of 
invasive Australian Acacia species has declined over time.

Kotze et al.13 present data on changes in the invaded area 
of invasive plants with and without biological control in 
South Africa. However, due to a lack of appropriate control 
treatments these data cannot be used to infer causal impacts 
of biological control on their hosts distribution ranges. 
Their findings show that the invaded area of invasive plants 
not under biological control decreased, remained the same, 
or increased in South Africa. This indicates that there are 
factors other than biological control influencing the area 
occupied by invasive alien plants in South Africa (Veldtman 
and Strydom2). Therefore, the observed changes in the 
area occupied by the invasive plants in South Africa under 
biological control could alternatively be the consequence of 
other factors (e.g., mechanical and chemical clearing, land 

use change, etc.). Kotze et al.13 therefore provide, at best, 
circumstantial evidence that weed biocontrol has reduced 
the area occupied by Australian Acacia in South Africa.

Veldtman and Strydom2 identified key methodological 
shortcomings in the works of both Wood and Morris14 and 
Impson et al.,15 whose long-term studies attempt to link 
biocontrol impact to reductions in population size or area 
occupied. Wood and Morris14 reported a reduction in stand 
density but did not quantify canopy cover. A reduction in 
stand density could therefore also be due to self-thinning.2 
Impson et al.15 in particular raises multiple concerns 
beyond methodological errors. These include (i) data 
integrity issues such as implausible tree density estimates 
(e.g., 26533 plants/m2), (ii) internal inconsistencies such 
as contradictory fire records (e.g., 2001 and 2017 vs. 2000 
and 2017 for the 4-year burnt site), (iii) pseudoreplication, 
as all long-term monitoring plots were located in a single 
protected area (De Hoop Nature Reserve), which are 0.2–
10 km from each other, and (iv) taxonomic inaccuracies, 
such as reporting that both Dasineura rubiformis and 
Dasineura dielsi were studied on Acacia cyclops. These 
issues raise valid concerns regarding the accuracy and 
credibility of Impson et al.15

The case study put forward by van Wilgen et al.3 that 
species interactions need to be considered when evaluating 
Australian Acacia biocontrol is at best circumstantial 
evidence. For example, Holmes16 suggested that reduced 
seed predation by rodents in closed canopy stands of 
Acacia saligna was due to reduced rodent activity within 
these stands. However, rodent population densities were 
not measured, and an alternative explanation of predator 
satiation in a seed-abundant environment, cannot be 
ruled out. Moreover, Holmes16 questioned the importance 
of seed predation by rodents, noting that ants removed 
and buried seeds at a faster rate than they were consumed 
by rodents. There is also no supporting empirical 
evidence for the claim that Uromycladium morrisii has 
caused a decline in the stand density of A. saligna, which 
translates into reduced canopy cover (i.e., reduced area of 
occupancy).2 Thus, the conclusion that declining canopy 
cover is associated with increased rodent seed predation 
within A. saligna populations lacks support. Furthermore, 
neither Holmes17 nor Ngwenya et al.18 demonstrated that 
biological control allowed for native species recovery after 
physical clearing. On the contrary, they demonstrated 
a reduced native species diversity and cover as well as 
depleted or absent native seed banks following invasion by 
A. saligna. Their findings underscore the need for active 
management and restoration efforts to recover indigenous 
plant communities after the removal of A.  saligna 
populations.
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Van Wilgen et al.3 state that a substantial reduction in 
seed production by seed-reducing biological control agents 
targeting invasive Australian Acacia species will reduce the 
number of regenerating seedlings after disturbance events, 
thereby making physical control feasible in areas where it 
was previously impractical. Despite the assertion that seed 
bank reduction through biocontrol will reduce management 
effort, there is no empirical evidence quantifying the level 
of reduction needed.2 In fact, empirical studies suggest 
otherwise. Post-biocontrol assessments found that seed 
bank size was similar to pre-biocontrol levels19 or remained 
large enough to sustain post-disturbance seedling 
regeneration, which was comparable to the pre-control 
levels.2 These findings imply that the number of seedlings 
and trees requiring active management within invasive 
Australian Acacia stands have remained unchanged. It is 
also stated that Strydom et al.19-21 only investigated seed 
banks in predetermined, but not necessarily representative 
sites. However, these three peer-reviewed papers are the 
only studies in South Africa to date that have collectively 
investigated all stages of the seed bank dynamics of three 
invasive Australian Acacia species regarded as under 
substantial biocontrol.2 Furthermore, these studies were 
in close proximity (0–10  km) to the original release sites 
of the investigated biocontrol agents, and close to the sites 
where these agents’ impact were previously assessed as 
successful.14,22-25 Thus, how can the sites sampled in Strydom 
et al.19-21 then not be representative?

In conclusion, the extent to which seed production 
of invasive Australian Acacia in South Africa has been 
reduced by their seed-reducing biological control agents 
remains largely unquantified as stated in our review.2 For 
the gall-forming biological control agents whose impact on 
their invasive Australian Acacia hosts has been assessed, it 
has been demonstrated that 22–60% of the pods produced 
on a population level may be lost.21 These values fall 
short of the threshold required to cause a reduction in 
the area occupied by these plants.2 Based on the evidence 
provided by van Wilgen et al.,3 there is currently no new 
published evidence supporting the claim that biocontrol 
has reduced physical management effort, or that earlier 
implementation would have done so. If it is argued that any 
seed reduction would result in fewer seedlings to manage, 
then the threshold of reduction required still needs to be 
experimentally determined. We contend that the status 
quo of assessing weed biocontrol requires urgent reform 
and we should in fact guard against placing expert opinion 
above empirically collected data. Rather, investment in 
experimentally sound data collection, especially before 
and after release, is required to assess whether classical 
biological control agents result in a significant reduction of 
the impact of their invasive plant hosts.
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