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Abstract: Rainwater harvesting (RWH) is an essential water resource, particularly in regions experiencing water scarcity.
However, the quality of stored rainwater varies due to environmental contamination and seasonal changes, affecting its
suitability for domestic and agricultural use. This study examines the impact of seasonal variation on the microbiological
and physicochemical quality of stored rainwater in underground tanks in Ogbadibo Local Government Area, Benue State,
Nigeria. A total of 234 water samples were collected from 27 underground tanks across three different seasons. The study
assessed key physicochemical parameters such as pH, turbidity, total dissolved solids (TDS), hardness, and heavy metal
content, alongside microbiological indicators including total viable count (TVC) and total coliform count (TCC). The results
revealed significant seasonal fluctuations in water quality. During the rainy season, higher turbidity and microbial loads
were observed due to increased surface runoff contamination, whereas the dry season exhibited elevated heavy metal
concentrations due to prolonged water storage and sedimentation. Microbial contamination exceeded WHO permissible
limits, with coliform levels peaking in the wet season. Statistical analysis using ANOVA and Duncan Multiple Range Test
(DMRT) confirmed the seasonal impact on physicochemical and microbiological parameters. While aluminum sulfate
(alum) demonstrated effective microbial reduction, plant-based biotreatment methods, such as banana peels, orange peels,
almond leaves, and Moringa oleifera seeds, emerged as promising eco-friendly alternatives for improving stored rainwater
quality. The study concludes that seasonal variations significantly influence the microbiological and physicochemical quality
of stored rainwater, posing potential health risks. It recommends regular water quality monitoring, optimization of plant-
based biotreatment techniques, and increased public awareness on sustainable water treatment practices. These findings
contribute to advancing low-cost, environmentally sustainable solutions for enhancing rainwater safety in resource-limited
communities.
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I INTRODUCTION of stored rainwater is highly susceptible to seasonal
variations,  influencing its  physicochemical  and

» Background of the Study microbiological composition (Mendez et al., 2011).

Water scarcity remains a persistent global challenge,
with an estimated 2.2 billion people lacking access to safe
drinking water (United Nations [UN], 2020). Rainwater
harvesting (RWH) has emerged as a viable alternative,
particularly in regions facing unreliable water supply due to
climate wvariability, poor infrastructure, and growing
population pressures (Kumar et al., 2019). RWH systems
provide a decentralized, cost-effective, and sustainable
solution by collecting and storing rainwater for domestic,
agricultural, and industrial applications. However, the quality
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Additionally, research on renewable energy policies and
sustainability has emphasized the role of water resource
management in addressing climate adaptation and promoting
sustainable environmental practices (ldoko, ljiga, Harry,
Ezebuka, Ukatu, & Peace, 2024).

In sub-Saharan Africa, where rainfall patterns are often
unpredictable, more than 50% of rural households rely on
rainwater as their primary source of drinking water (World
Health Organization [WHO], 2021). In Nigeria, specifically,
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the increasing demand for potable water has led to a
significant reliance on underground storage tanks for
harvested rainwater. However, seasonal changes introduce
challenges such as high turbidity, microbial contamination,
and heavy metal accumulation (Amoah et al., 2019). During
the rainy season, increased atmospheric deposition, runoff
contamination, and organic matter accumulation often
degrade water quality, leading to higher levels of Escherichia
coli, total coliform count (TCC), and total viable count (TVC)
beyond WHO permissible limits (Hamilton et al., 2019).
Studies on geochemical and mineralogical characteristics
have similarly highlighted the impact of environmental
conditions on water contamination, further reinforcing the
importance of assessing stored rainwater quality (Eguagie,
Idoko, ljiga, Enyejo, Okafor, & Onwusi, 2025). In contrast,
the dry season is associated with higher concentrations of
total dissolved solids (TDS) and heavy metals due to
prolonged water storage and sedimentation processes
(Reyneke et al., 2016). The role of bioenergy and sustainable
waste utilization has also been linked to water management,
as inefficient storage and processing methods contribute to
contamination risks (ldoko, Akindele, Imarenakhue, &
Bashiru, 2024).

The physicochemical properties of stored rainwater,
such as pH, turbidity, hardness, and alkalinity, fluctuate with
seasonal shifts, affecting its suitability for consumption and
agricultural use (Amoah et al., 2019). Studies indicate that in
rural Nigerian communities, harvested rainwater stored for
more than three months exhibits turbidity levels exceeding 5
NTU, which is above the WHO-recommended limit for
drinking water (WHO, 2021). Furthermore, microbial
contamination in stored rainwater has been linked to
outbreaks of cholera, typhoid fever, and other waterborne
diseases, particularly during the wet season (Kumar et al.,
2019). Research examining the environmental and public
health implications of waterborne diseases has emphasized
the need for improved water treatment and monitoring
strategies (ldoko, Igbede, Manuel, ljiga, Akpa, & Ukaegbu,
2024).

Given these concerns, there is a pressing need for
systematic assessments of seasonal variations in rainwater
quality, particularly in regions like Ogbadibo Local
Government Area, Benue State, Nigeria, where rainwater
harvesting is widely practiced. By understanding how
seasonal shifts impact microbiological and physicochemical
parameters, this study aims to provide evidence-based
insights that can inform sustainable water management
strategies, improve public health outcomes, and promote the
adoption of effective biotreatment techniques for stored
rainwater.

» Statement of the Problem

Access to clean and safe drinking water remains a
fundamental challenge in many developing countries,
including Nigeria, where over 60 million people lack reliable
access to potable water (World Health Organization [WHO],
2021). Rainwater harvesting (RWH) has been widely adopted
as an alternative water source, particularly in rural and peri-
urban communities, where centralized water supply
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infrastructure is inadequate. However, the quality of stored
rainwater is significantly influenced by seasonal variations,
introducing health and environmental risks that must be
critically examined (Amoah et al., 2019).

One of the primary concerns with stored rainwater is
microbiological contamination, which varies with changes in
environmental conditions. Studies have shown that during the
rainy season, increased atmospheric deposition, surface
runoff, and organic matter accumulation elevate microbial
loads in rainwater storage systems, leading to a rise in total
viable count (TVC) and total coliform count (TCC) beyond
WHO permissible limits (Hamilton et al., 2019). In contrast,
the dry season is associated with prolonged water storage,
resulting in higher concentrations of total dissolved solids
(TDS) and heavy metals such as lead (Pb), iron (Fe), and
cadmium (Cd) due to sedimentation and bioaccumulation
effects (Reyneke et al., 2016). The presence of these
contaminants poses serious public health concerns,
particularly in communities where untreated rainwater is
consumed directly.

Furthermore, the physicochemical characteristics of
stored rainwater—including pH, turbidity, hardness, and
alkalinity—undergo substantial fluctuations across seasons,
affecting its suitability for both drinking and agricultural
purposes (Kumar et al., 2019). In rural Nigerian communities,
harvested rainwater stored for extended periods often exceeds
turbidity levels of 5 NTU, which is beyond WHO standards
for safe drinking water (WHO, 2021). High turbidity not only
reduces water clarity but also serves as an indicator of
pathogenic microbial activity, increasing the risk of
waterborne diseases such as cholera, dysentery, and typhoid
fever (Amoah et al., 2019).

Despite the growing dependence on RWH, there is
limited research on the extent to which seasonal variations
impact the microbiological and physicochemical quality of
stored rainwater in underground tanks, particularly in
Nigeria. A comprehensive analysis of these variations is
critical for developing targeted interventions to ensure water
safety. Understanding the seasonal dynamics of contaminants
will enable policymakers, public health officials, and local
communities to implement effective water quality
monitoring, adopt sustainable biotreatment methods, and
enhance public awareness on safe rainwater utilization. This
study seeks to fill this knowledge gap by systematically
assessing the seasonal variations in stored rainwater quality
and proposing feasible solutions to mitigate associated risks.

This research is particularly relevant to Ogbadibo Local
Government Area of Benue State, where rainwater harvesting
is a primary water source. By analyzing the effects of
seasonal changes on microbiological and physicochemical
water quality, this study aims to provide empirical data that
will inform policy recommendations and community-based
water management practices to improve water safety and
public health outcomes.
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» Justification of the Study

Ensuring access to safe and clean drinking water is a
fundamental requirement for public health and sustainable
development. However, in rural and semi-urban communities
in Nigeria, the inconsistent supply of potable water has made
rainwater harvesting (RWH) a critical alternative. Despite its
benefits, stored rainwater is often compromised by
microbiological and physicochemical contaminants, which
vary significantly across seasons (World Health Organization
[WHO], 2021). The justification for this study lies in the need
to systematically assess these seasonal variations and develop
sustainable interventions to improve water quality.

One of the most compelling reasons for conducting this
study is the rising incidence of waterborne diseases,
particularly in areas where untreated rainwater serves as the
primary drinking source. Studies indicate that over 70% of
waterborne disease outbreaks in sub-Saharan Africa are
linked to microbial contamination of drinking water
(Hamilton et al., 2019). Total viable count (TVC) and total
coliform count (TCC) in stored rainwater often exceed WHO
permissible limits, particularly during the wet season, posing
serious health risks such as cholera, dysentery, and typhoid
fever (Amoah et al., 2019). By identifying seasonal trends in
microbial contamination, this study will provide critical
insights for improving community health and water safety.

Additionally, physicochemical water quality parameters
such as pH, turbidity, total dissolved solids (TDS), and heavy
metal content fluctuate significantly due to seasonal
environmental factors (Reyneke et al., 2016). During the dry
season, prolonged storage results in higher concentrations of
heavy metals, such as lead (Pb), cadmium (Cd), and iron (Fe),
exceeding WHO permissible limits (Kumar et al., 2019).
Given that heavy metal exposure is linked to neurological
disorders, kidney dysfunction, and developmental
impairments, this study is justified in assessing the seasonal
impact of such contaminants and proposing mitigation
strategies.

From an environmental sustainability perspective, this
research is essential for developing evidence-based water
treatment solutions that are cost-effective and adaptable to
resource-limited settings. Conventional chemical water
treatment methods, such as aluminum sulfate (alum), raise
concerns about residual toxicity, cost, and accessibility in
rural areas. Recent studies highlight the potential of plant-
based biotreatment methods—including the use of banana
peels, orange peels, almond leaves, and Moringa oleifera
seeds—as eco-friendly alternatives for reducing microbial
and physicochemical contaminants in harvested rainwater
(Amoah et al., 2019). This study will evaluate the
effectiveness of these biotreatment methods across different
seasons, providing a sustainable solution for improving
rainwater quality.

Furthermore, this research is particularly relevant to
Ogbadibo Local Government Area, Benue State, where
rainwater harvesting remains a primary water source due to
limited access to piped water infrastructure. A data-driven
understanding of how seasonal variations impact stored
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rainwater quality will equip policymakers, public health
officials, and local communities with the necessary
knowledge to implement effective water safety measures
(WHO, 2021). By addressing a critical gap in water quality
management, this study aligns with United Nations
Sustainable Development Goal (SDG) 6, which emphasizes
universal access to clean water and sanitation.

» In Summary, this Research is Justified by its Potential to:

o Identify seasonal trends in microbial and physicochemical
contamination of stored rainwater.

e Assess the health risks associated with waterborne
pathogens and heavy metal exposure.

e Evaluate the efficacy of plant-based biotreatment as an
alternative water purification method.

e Provide empirical data to inform public health policies
and water safety interventions in rural communities.

By conducting a comprehensive analysis of seasonal
variations in stored rainwater quality, this study will
contribute valuable insights toward sustainable water
management, improved public health, and climate-resilient
water security strategies in Nigeria and similar developing
regions.

» Objectives of the Study

The primary objective of this study is to assess the
impact of seasonal variation on the microbiological and
physicochemical quality of stored rainwater in underground
tanks in Ogbadibo Local Government Area, Benue State,
Nigeria. This study aims to generate empirical data to guide
water quality management strategies, public health
interventions, and sustainable biotreatment solutions for
stored rainwater.

e Specific Objectives
To achieve the overall aim, this study will focus on the
following specific objectives:

v To assess the physicochemical parameters (pH, turbidity,
total dissolved solids (TDS), alkalinity, and heavy metal
content) of stored rainwater across different seasons.

v To evaluate the microbiological quality of stored
rainwater by analyzing total viable count (TVC) and total
coliform count (TCC) across three different seasons.

v' To determine the seasonal impact on heavy metal
concentrations (lead, cadmium, iron, and other trace
metals) in stored rainwater.

v To compare the overall water quality of different locations
with the World Health Organization (WHO) permissible
limits for safe drinking water.

v To analyze the effect of seasonal variations on microbial
contamination trends and assess the potential health risks
associated with stored rainwater consumption.

v To evaluate the effectiveness of plant-based biotreatment
methods (using banana peels, orange peels, almond
leaves, and Moringa oleifera seeds) in reducing microbial
load and improving stored rainwater quality across
different seasons.
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v' To provide data-driven recommendations for improving
rainwater quality through sustainable water treatment,
policy formulation, and community-based water safety
initiatives.

These objectives will facilitate a comprehensive
understanding of seasonal influences on stored rainwater
quality, ensuring the development of practical, low-cost, and
environmentally friendly water management solutions for
rural communities.

» Organization of the Paper

The structure of this research paper follows a systematic
five-section format to ensure a logical and coherent
presentation of findings on the impact of seasonal variation
on the microbiological and physicochemical quality of stored
rainwater in underground tanks. Section 1 introduces the
study by outlining its background, problem statement,
justification, objectives, and the overall organization of the
paper, emphasizing the significance of rainwater harvesting
(RWH) and the challenges posed by seasonal changes.
Section 2 presents a comprehensive literature review,
analyzing existing research on rainwater harvesting, water
quality  parameters, microbial contamination, and
biotreatment techniques while identifying knowledge gaps.
Section 3 details the research methodology, including the
study area, data collection process, laboratory analysis, and
statistical tools such as ANOVA and Duncan Multiple Range
Test (DMRT) used for data interpretation. Section 4 discusses
the results, interpreting seasonal variations in water quality
parameters such as pH, turbidity, total dissolved solids
(TDS), microbial contamination, and heavy metals,
comparing findings with World Health Organization (WHO)
standards and evaluating the effectiveness of plant-based
biotreatment methods. Finally, Section 5 concludes the study
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by summarizing key findings, highlighting public health
implications, and providing recommendations for rainwater
management, monitoring, and treatment while suggesting
areas for future research to enhance sustainability in
rainwater-dependent communities.

1. LITERATURE REVIEW

A. Rainwater Harvesting and its Global Impact

Water scarcity is a pressing global challenge, with over
2.2 billion people lacking access to safely managed drinking
water (World Health Organization [WHO], 2021). As a
response, rainwater harvesting (RWH) has gained widespread
recognition as a sustainable, decentralized water supply
solution, particularly in rural and semi-urban communities
where centralized infrastructure is inadequate. RWH involves
the collection, storage, and utilization of rainwater from
various catchment surfaces, such as rooftops and
impermeable land areas, for domestic, agricultural, and
industrial applications (Kumar et al., 2019). The significance
of this method extends beyond its role in ensuring water
security, as it also contributes to climate resilience,
groundwater recharge, flood mitigation, and ecosystem
sustainability (Hamilton et al., 2019).

Figure 1 visually represents the multifaceted benefits of
Rainwater Harvesting (RWH), illustrating its role in
enhancing water security, climate resilience, groundwater
recharge, flood mitigation, and ecosystem sustainability. By
effectively capturing and utilizing rainwater, communities
can reduce water scarcity, adapt to climate change, and
promote environmental conservation. This diagram
highlights the interconnected impact of RWH on sustainable
water management.

>

Water Security

Climate Resilience

Groundwater Recharge

Flood Mitigation

Ecosystem
Sustainability

Fig 1 Exploring the Multifaceted Impact of Rainwater Harvesting

» Global Adoption and Regional Applications of Rainwater
Harvesting

Rainwater harvesting has been adopted in various parts

of the world to address water scarcity and improve

community resilience. In sub-Saharan Africa, where over
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60% of the population lacks access to improved water
sources, RWH is a vital solution for drinking, sanitation, and
agricultural irrigation (Reyneke et al., 2016). Countries such
as Kenya, Ghana, and Nigeria have increasingly integrated
RWH into national water policies, with over 10 million
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Kenyans relying on harvested rainwater for daily
consumption (Amoah et al., 2019). Similarly, in India, where
nearly 70% of the rural population depends on seasonal
rainfall for water supply, over 60 million households use
rooftop rainwater collection systems (Kumar et al., 2019).
The Indian government has implemented large-scale RWH
initiatives, particularly in water-scarce regions such as
Rajasthan and Maharashtra, to mitigate the effects of
groundwater depletion and erratic monsoon patterns.

In developed countries, RWH is gaining momentum as
part of urban water sustainability strategies. Australia, for
instance, has over 2.3 million households utilizing rainwater
harvesting systems, contributing to a 30% reduction in
municipal water demand in some regions (Hamilton et al.,
2019). Similarly, in Germany, RWH is incentivized through
government subsidies, leading to widespread adoption in
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residential and commercial properties as part of stormwater
management programs (Reyneke et al., 2016). In the United
States, RWH is integrated into green building initiatives,
particularly in water-stressed states such as California,
Arizona, and Texas, where it supports agricultural irrigation,
industrial cooling, and household water conservation.

Figure 2 highlights the global adoption of Rainwater
Harvesting (RWH) across different regions, emphasizing its
role in water conservation and management. Countries like
Australia, Germany, and the United States integrate RWH
into municipal and green building initiatives, while India and
Sub-Saharan Africa rely on it for groundwater replenishment
and irrigation in water-scarce areas. The diagram showcases
how RWH serves as a sustainable water resource solution
tailored to regional needs.

India

Extensive use in rural
areas to combat
groundwater
depletion

Sub-Saharan
Africa

Vital for drinking and
irrigation in water-
scarce regions

=

\\/

Australia

Significant role in
reducing municipal
water demand

Germany

Supported by
subsidies for
stormwater
management

Be

United States

Integrated into green
building initiatives in
water-stressed areas

1ot
S J

Fig 2 Global Adoption of Rainwater Harvesting

» Benefits and Challenges of Rainwater Harvesting

The widespread adoption of RWH is largely attributed
to its numerous economic, environmental, and public health
benefits. Among its key advantages:

e Water Security and Cost Reduction:

RWH reduces dependency on unreliable municipal
water supplies, especially in low-income and water-scarce
communities (Amoah et al., 2019).

Households utilizing RWH experience a 25-50%
reduction in water bills, depending on local rainfall patterns
and storage capacity (Hamilton et al., 2019).

NISRT25FEB1023

¢ Climate Change Adaptation and Groundwater Recharge:

RWH mitigates the impact of climate-induced water
stress, particularly in regions experiencing increased drought
frequency and declining groundwater levels (Reyneke et al.,
2016).

Studies indicate that integrating RWH with managed
aquifer recharge (MAR) can increase groundwater storage by
30-50% annually in water-scarce regions (Kumar et al.,
2019).
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e Flood and Stormwater Management:

Urban RWH systems play a critical role in flood
mitigation by reducing peak runoff volumes by up to 40%,
thereby minimizing urban flooding risks (Hamilton et al.,
2019).

In countries such as Japan and Singapore, RWH is
incorporated into urban drainage networks to manage
stormwater surges and enhance flood resilience (Reyneke et
al., 2016).
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Figure 3 represents the key aspects of Rainwater
Harvesting (RWH) and its role in urban water management.
It highlights flood mitigation, which helps reduce peak runoff
volumes and prevent flooding, the integration of RWH into
drainage networks in countries like Japan and Singapore for
stormwater management, and efficiency challenges that can
compromise the effectiveness of RWH systems. These factors
illustrate both the benefits and limitations of implementing
RWH on a broader scale.

Efficiency
Challenges

Issues that
compromise the
effectiveness of

RWH systems

Integration in
Drainage
MNetworks

Incorporated in
countries like
Japan and
Singapore for
stormwater
management

Flood Mitigation

Reduces peak
runoff volumes to
prevent flooding

Fig 3 Components of Urban Rainwater Harvesting Systems

Despite these advantages, the efficiency of RWH is
often compromised by key challenges, including:

o Water Quality Concerns:

Studies have shown that over 60% of untreated
rainwater samples contain microbial contaminants exceeding
WHO limits, increasing the risk of waterborne diseases
(Amoah et al., 2019).

The presence of heavy metals, atmospheric pollutants,
and organic debris from rooftops can degrade stored
rainwater quality, particularly in highly industrialized and
polluted regions (Kumar et al., 2019).

e Storage and Maintenance Limitations:

The effectiveness of RWH is highly dependent on the
design, material, and maintenance of storage tanks, with
poorly maintained systems fostering bacterial growth and
sediment accumulation (Hamilton et al., 2019).

IJISRT25FEB1023

Seasonal fluctuations can reduce storage efficiency,
with prolonged dry periods leading to evaporation losses of
up to 30% in arid regions (Reyneke et al., 2016).

e Regulatory and Policy Barriers:

In some countries, legal restrictions on RWH limit its
adoption, with concerns over water rights, taxation, and
public water infrastructure funding (Amoah et al., 2019).

A lack of standardized water quality monitoring
frameworks in developing countries hinders the widespread
implementation of RWH for potable use (Kumar et al., 2019).

Figure 4 highlights the key regulatory and financial
challenges in Rainwater Harvesting (RWH) adoption. It
addresses standardization issues, where the lack of
monitoring frameworks limits potable RWH use, legal
restrictions, which involve concerns over water rights and
taxation that hinder adoption, and infrastructure funding
challenges, as public water infrastructure investments impact
the feasibility of RWH implementation. These factors
emphasize the need for policy development and financial
support to enhance RWH integration.

WWW.ijisrt.com 629


https://doi.org/10.5281/zenodo.14928720
http://www.ijisrt.com/

Volume 10, Issue 2, February — 2025
ISSN No0:-2456-2165

International Journal of Innovative Science and Research Technology

https://doi.org/10.5281/zenodo.14928720

Standardization
Issues
Lack of
monitoring
frameworks limits
potable RWH use.

Infrastructure

Funding
Public water
infrastructure
funding
challenges affect
RWH.

Legal Restrictions

Concerns over
water rights and
taxation hinder
RWH adoption.

Fig 4 Barriers to Rainwater Harvesting

» The Future of Rainwater Harvesting

As global water demand continues to rise, the role of
RWH in achieving Sustainable Development Goal (SDG)
6—universal access to clean water—remains critical. Future
research and policy initiatives should focus on:

¢ Enhancing Water Quality Treatment Technologies:

The use of low-cost biotreatment methods, such as
moringa seed filtration, biochar adsorption, and
phytoremediation, can significantly improve the microbial
and physicochemical safety of harvested rainwater (Reyneke
et al., 2016).

Advanced filtration techniques, including membrane
bioreactors and UV disinfection, can enhance rainwater
potability, reducing microbial loads by up to 99% (Kumar et
al., 2019).

e Scaling Up Policy and Investment in RWH:

Governments should incorporate RWH into national
water security policies, providing incentives for household
and community-based systems (Hamilton et al., 2019).

Investments in  smart rainwater  monitoring
technologies—such as loT-based sensors for water quality

IJISRT25FEB1023

tracking—can improve system efficiency and public
confidence in harvested rainwater safety (Amoah et al.,
2019).

Rainwater harvesting presents a viable and sustainable
solution for addressing global water scarcity, particularly in
climate-vulnerable regions. While its adoption is growing,
seasonal variations, water quality challenges, and regulatory
barriers must be addressed to maximize its potential. By
integrating advanced treatment technologies, improving
regulatory ~ frameworks, and  fostering community
engagement, RWH can contribute significantly to enhancing
water security, reducing climate risks, and supporting public
health.

Figure 5 represents the key factors influencing the
successful implementation of Rainwater Harvesting (RWH).
It highlights policy integration and technological investments
as crucial for advancing RWH infrastructure, while
regulatory frameworks ensure water quality and compliance.
Additionally, public health, climate resilience, and
community engagement play significant roles in promoting
RWH as a sustainable water resource solution. These
interconnected elements emphasize a holistic approach to
water conservation and management.
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Table 1 provides a comprehensive overview of
harvesting (RWH),

rainwater

Fig 5 Enhancing Water Security through Rainwater Harvesting

highlighting

its global

adoption, benefits, challenges, and future prospects. It for

summarizes key aspects such as economic and environmental

Table 1 Rainwater Harvesting: Global Adoption, Benefits, Challenges, and Future Perspectives

policy

recommendations
management strategies.

and

impacts, regulatory barriers, and seasonal variations affecting
RWH efficiency. The insights presented serve as a foundation
sustainable  water

Aspect Key Issue Global Impact Example Seasonal Challenges Future
Country Effects Solutions
Global Water Lack of safe 2.2B+ lack Global issue Droughts Access & Improved
Scarcity drinking water | access (WHO, intensify issue distribution infrastructure
2021)
Definition of Collection & Used for Global Rainfall Storage & Standardized
RWH storage of domestic, determines contamination tank designs
rainwater agricultural & efficiency risks
industrial
purposes
Significance of | Ensures water | Reduces water Global Monsoon Infrastructure Policy-driven
RWH security stress & floods reliance in some limitations adoption
regions
Developing Essential in 60M+ Indian | Kenya, Ghana, More vital in Lack of Increased
Countries Africa & India | households use Nigeria dry seasons funding & public
Adoption RWH awareness awareness
Developed Sustainable 2.3M+ Australia, Used for Adoption Smart urban
Countries urban solution Australian Germany, USA stormwater resistance in planning
Adoption homes use management cities
RWH
Economic Cost reduction 25-50% India, South More savings in High Cost-effective
Benefits in households reduction in Africa rainy seasons installation financing
water bills costs
Environmental Climate Recharge Japan, Higher recharge Stormwater Better
Benefits resilience & increases 30— Singapore in wet periods | overflow risks integration
recharge 50% with aquifers
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Water Quality Microbial & 60% of Industrialized | Contamination Metal & Low-cost
Concerns metal samples exceed nations worsens in wet microbial purification
contamination WHO limits seasons hazards methods
Storage and Tank material Poor Arid regions Evaporation Tank Enhanced tank
Maintenance & evaporation maintenance losses up to degradation & materials
Issues losses fosters bacteria 30% leakage
Regulatory Legal & Legal USA, Europe Policy focus Unclear legal Regulatory
Barriers monitoring restrictions in during droughts frameworks framework
limitations some nations updates
Future Water Advanced Biochar & UV India, South Technology Slow adoption Scaling up
Quality filtration disinfection Africa adoption needed of new tech advanced
Improvements needed methods filtration
Future Policy Government loT-based Germany, USA | More incentives Limited Better
and Investment incentives monitoring needed in dry government monitoring &
required systems areas support subsidies

B. Water Quality Parameters in Rainwater Storage Systems

Water quality assessment is essential in rainwater
harvesting (RWH) systems to determine its suitability for
drinking, domestic use, and agricultural applications. While
rainwater is considered relatively pure at the point of
precipitation, contamination occurs due to atmospheric
deposition, catchment surface runoff, and storage conditions
(Hamilton et al., 2019). The quality of stored rainwater is
primarily  evaluated through physicochemical and
microbiological parameters, which vary seasonally and
geographically (Reyneke et al., 2016). The presence of
contaminants beyond permissible limits can lead to health
risks, infrastructure degradation, and environmental

concerns, necessitating regular monitoring and effective
treatment strategies (Amoah et al., 2019).

Figure 6 represents the process of ensuring safe water
quality in Rainwater Harvesting (RWH). It highlights key
stages, beginning with rainwater collection, followed by
potential contamination sources such as atmospheric
deposition and surface runoff. The diagram further
emphasizes the importance of storage conditions, quality
evaluation, and continuous monitoring and treatment to
ensure safe water for use. This structured approach
underscores the need for proper filtration, assessment, and
regulatory measures in water management systems.

Atmospheric
Deposition

—_

Rainwater
Collection

v

Surface Runoff

Storage
Conditions

—
—>
\ > —>
) —> —>
F— —>
—

Quality
Evaluation

Monitoring and
Treatment

Safe Water for
Use

Fig 6 Rainwater Quality Assessment Process

o Physicochemical Parameters in Stored Rainwater

Physicochemical analysis provides insight into the
mineral composition, clarity, and chemical stability of
rainwater, influencing its potability and usability.

Figure 7 highlights the key physicochemical parameters
essential for assessing stored rainwater quality. It emphasizes
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pH level, which determines water acidity or alkalinity,
turbidity, which affects clarity and aesthetics, total dissolved
solids (TDS), indicating mineral content and taste, and heavy
metals, which can pose significant health risks. These factors
play a crucial role in ensuring water safety and suitability for
consumption and other uses.
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Heavy Metals

Assesses toxic
metal presence
affecting health

risks.

Total Dissolved
Solids
Reflects mineral
content
influencing taste
and health.

pH Level

Indicates acidity
or alkalinity
affecting water

safety.

&

Measures water
clarity impacting
aesthetic and
health aspects.

Fig 7 Rainwater Quality Assessment

» Key Parameters Include:

e pH

The pH level of rainwater determines its acidity or
alkalinity, with values ranging from 45 to 7.0 in
industrialized regions due to atmospheric pollutants and 6.5
to 8.5 in less polluted areas (Kumar et al., 2019). The WHO-
recommended pH range for drinking water is 6.5 to 8.5, as
extreme values corrode plumbing systems and affect the taste
and safety of stored rainwater (WHO, 2021). Studies indicate
that stored rainwater pH decreases during the rainy season
due to acid rain formation but rises in the dry season due to
evaporation and sedimentation (Reyneke et al., 2016).

e Turbidity

Turbidity measures the clarity of water and indicates the
presence of suspended particles, organic matter, and
microbial growth (Amoah et al., 2019). The WHO limit for
drinking water is less than 5 NTU; however, research shows
that turbidity in stored rainwater can exceed 10-15 NTU
during the wet season due to increased roof debris and
atmospheric particulates (Hamilton et al., 2019). High
turbidity reduces disinfection efficiency, as it protects
microbial pathogens from treatment processes.

e Total Dissolved Solids (TDS)

TDS represents the combined concentration of
dissolved minerals, salts, and organic matter in water. The
WHO standard for potable water is 500 mg/L, beyond which
taste, odor, and health risks may arise (WHO, 2021). Stored
rainwater typically contains TDS levels between 10-200
mg/L, with higher values recorded in urban areas due to
airborne pollutants and rooftop contaminants (Kumar et al.,
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2019). During dry seasons, TDS concentrations increase due
to water evaporation and prolonged storage (Reyneke et al.,
2016).

e Heavy Metals (Lead, Cadmium, Iron, Zinc, and Copper)

Heavy metal contamination in rainwater storage
systems arises from roofing materials, air pollution, and
corroding pipes. The WHO safe limits for common heavy
metals in drinking water are 0.01 mg/L for lead (Pb), 0.003
mg/L for cadmium (Cd), and 0.3 mg/L for iron (Fe) (WHO,
2021). Studies reveal that heavy metal levels in stored
rainwater often exceed safe limits in industrial zones, with
lead concentrations reaching 0.02-0.05 mg/L and cadmium
levels of 0.004-0.006 mg/L (Hamilton et al., 2019). In rural
regions, contamination is lower but increases during the dry
season due to bioaccumulation and tank corrosion (Amoah et
al., 2019).

> Microbiological Contaminants in Stored Rainwater

Microbiological quality is a critical determinant of
rainwater safety, as pathogenic bacteria, viruses, and protozoa
can compromise human health. The most commonly
monitored microbiological indicators include:

e Total Viable Count (TVC) and Total Coliform Count
(TCC)

Total viable count (TVVC) estimates the overall bacterial
population, while total coliform count (TCC) indicates fecal
contamination. WHO standards require that drinking water
contain zero coliform bacteria per 100 mL (WHO, 2021).
However, studies reveal that stored rainwater often exceeds
safe microbial limits, especially during the wet season when
TVC reaches 1.0 x 10* CFU/mL and TCC levels exceed 1.5
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x 102 CFU/mL (Kumar et al., 2019). Coliform bacteria,
including Escherichia coli, have been detected in 40-60% of
untreated rainwater samples, posing risks of gastrointestinal
infections, diarrhea, and typhoid fever (Hamilton et al.,
2019).

o Escherichia Coli and Pathogenic Microorganisms

The presence of Escherichia coli (E. coli) in stored
rainwater confirms fecal contamination, likely originating
from bird droppings, animal waste, or environmental runoff.
Studies in sub-Saharan Africa report E. coli levels in stored
rainwater at 10-100 CFU/mL, exceeding WHO safety limits
(Amoah et al., 2019). Other waterborne pathogens, including
Salmonella, Giardia, and Cryptosporidium, have also been
detected in 40% of rainwater storage tanks, particularly
during humid and rainy seasons (Reyneke et al., 2016).

e Fungal and Protozoan Contaminants

Fungal spores such as Aspergillus and Penicillium
species have been found in stored rainwater with prolonged
storage periods, leading to biofilm formation and increased
health risks for immunocompromised individuals (Kumar et
al., 2019). Similarly, protozoan cysts, particularly Giardia
lamblia and Cryptosporidium parvum, persist in untreated
rainwater, contributing to waterborne disease outbreaks
(Hamilton et al., 2019).

» Seasonal Influence on Water Quality Parameters
Seasonal  variations  significantly impact the
microbiological and physicochemical characteristics of
stored rainwater. During the rainy season, increased
precipitation and atmospheric deposition elevate microbial
loads, turbidity, and coliform contamination (Amoah et al.,
2019). Conversely, in the dry season, water stagnation and
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evaporation lead to higher TDS, heavy metal accumulation,
and biofilm formation, which deteriorate water quality over
time (Reyneke et al., 2016).

A study conducted in Nigeria found that TVC levels
were highest in the rainy season (2.1 x 10* CFU/mL) and
declined in the dry season (1.5 x 10® CFU/mL), whereas
heavy metal concentrations increased by 30% in dry months
due to storage conditions (Hamilton et al., 2019). These
findings highlight the need for periodic monitoring and
effective treatment interventions to ensure the safety of stored
rainwater.

Water quality assessment in rainwater storage systems
is crucial for ensuring safe consumption and environmental
sustainability. The physicochemical and microbiological
parameters of stored rainwater fluctuate across seasons,
necessitating regular monitoring, effective treatment
strategies, and community awareness initiatives. Future
studies should focus on low-cost biotreatment methods and
advanced filtration technologies to improve rainwater safety
in resource-limited settings.

Figure 8 illustrates the impact of seasonal changes on
stored rainwater quality, highlighting key challenges in both
rainy and dry seasons. During the rainy season, issues such as
increased microbial loads, higher turbidity, and coliform
contamination arise due to runoff and environmental
exposure. In the dry season, factors like stagnation,
evaporation, heavy metal accumulation, and biofilm
formation degrade water quality. The diagram emphasizes the
importance of periodic monitoring, effective treatment
strategies, and community awareness initiatives to ensure safe
rainwater harvesting and storage.

&

I

Fig 8 Seasonal Impact on Rainwater Quality
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C. Seasonal Influence on Water Quality

The quality of stored rainwater is highly influenced by
seasonal variations, which affect both physicochemical
properties and microbiological contamination levels. Factors
such as temperature fluctuations, rainfall intensity,
atmospheric deposition, and storage conditions contribute to
the deterioration of rainwater quality across different seasons
(Hamilton et al., 2019). Seasonal variations can lead to
increased turbidity, microbial proliferation, and heavy metal
accumulation, thereby posing significant public health risks
and reducing the suitability of harvested rainwater for potable
use (Kumar et al., 2019).

Rainwater contamination levels tend to peak during the
wet season, when high precipitation levels increase the
mobilization of contaminants from atmospheric particulates,
roofing materials, and collection surfaces (Amoah et al.,
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2019). Conversely, in the dry season, water stagnation and
evaporation lead to increased concentrations of dissolved
solids, heavy metals, and biofilm formation, which further
degrade water quality (Reyneke et al., 2016). Understanding
these seasonal trends is essential for developing effective
treatment and storage strategies to ensure the safety and
usability of harvested rainwater.

Assessing water quality in rainwater storage systems is
essential to ensure its suitability for drinking, domestic, and
agricultural use. Table 2 provides a comprehensive overview
of key physicochemical and microbiological parameters,
highlighting their permissible limits, seasonal fluctuations,
associated health risks, and recommended treatment
strategies. Understanding these factors helps in developing
effective water management solutions to improve rainwater
safety.

Table 2 Water Quality Parameters in Rainwater Storage Systems: Contaminants, Seasonal Variations, and Treatment Strategies

Parameter Definition WHO Limit Typical Health Risks Seasonal Treatment
Levelsin Impact Strategies
Stored
Rainwater
pH Indicates acidity 6.5-85 45-7.0in Corrosive to Lower in rainy | Limestone or
or alkalinity of industrial plumbing, affects season due to soda ash to
water areas, 6.5 - taste and safety acid rain; neutralize pH
8.5inrural increases in dry
areas season due to
evaporation
Turbidity Measures water <5NTU 10 - 15NTU | Reduces disinfection Higher in wet | Filtration and
clarity and during wet efficiency, promotes season due to | sedimentation
presence of season due to microbial growth debris and to remove
suspended debris and particulates particulates
particles particulates
Total Represents < 500 mg/L 10 - 200 High levels affect Higher in dry Reverse
Dissolved dissolved mg/L, higher | taste, odor, and cause season due to 0smaosis or
Solids (TDS) minerals and in urban areas | potential health risks | evaporation and activated
salts due to prolonged carbon
pollutants storage filtration
Heavy Metals | Includes Lead Ph: 0.01 Pb: 0.02 - Neurotoxicity (Pb), Higher in dry lon exchange
(Pb), Cadmium mg/L, Cd: 0.05 mg/L, kidney dysfunction season due to resins,
(Cd), Iron (Fe), | 0.003 mg/L, Cd: 0.004 - (Cd), staining and bioaccumulation activated
Zinc (Zn), and Fe: 0.3 mg/L | 0.006 mg/L odor (Fe) and corrosion carbon, and
Copper (Cu) in industrial sediment
zones filters
Total Viable | TVC estimates 0 coliforms TVC: 1.0 x Causes Higher in wet Chlorination,
Count (TVC) bacterial per 1000 mL | 10* CFU/mL, gastrointestinal season due to uv
& Total population; TCC TCC: 1.5x infections, diarrhea, increased sterilization,
Coliform indicates fecal 102 CFU/mL typhoid coliform boiling
Count (TCC) | contamination in wet season contamination
Escherichia Presence of E. 0 CFU/mL E. coli: 10 - Risk of waterborne Higher in wet Advanced
coli & coli confirms for E. coli 100 CFU/mL diseases including season due to filtration
Pathogens fecal in sub- cholera, fecal (membrane
contamination; Saharan cryptosporidiosis contamination bioreactors,
includes Africa from bird biochar
waterborne droppings adsorption)
pathogens such
as Salmonella,
Giardia,
Cryptosporidium
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Fungal & Aspergillus, Not Detected in Health risks for Higher in wet Regular tank
Protozoan Penicillium established 40% of immunocompromised | season due to cleaning, UV
Contaminants spores and storage tanks, individuals biofilm disinfection,
Giardia, particularly formation in and aeration
Cryptosporidium in humid tanks
cysts climates
Seasonal Rainy season - TVC and Higher rates of Peaks in wet Regular
Influence on increases coliform bacterial infections season microbial
Microbial microbial counts during wet season testing and
Load contamination, increase chlorination
turbidity, and during wet
coliform levels season
Seasonal Dry season - Heavy metals | Long-term exposure Heavy metals Monitoring
Influence on | increases heavy accumulate leads to heavy metal | leach into water | and removal
Heavy Metals metal more in dry toxicity during of corroded
accumulation months prolonged tank
due to water storage in dry materials
stagnation season

» Seasonal Influence on Physicochemical Parameters

The physicochemical properties of stored rainwater
exhibit notable seasonal fluctuations due to changes in
temperature, humidity, and atmospheric composition. These
variations affect the suitability of rainwater for drinking,
domestic, and agricultural purposes.

e pH Variations

The pH of rainwater fluctuates seasonally due to
atmospheric pollution and storage conditions. Studies show
that during the wet season, pH levels range from 4.5 to 6.5,
often falling below the WHO-recommended limit of 6.5-8.5
due to acid rain caused by industrial emissions and vehicular
pollutants (Kumar et al., 2019). In contrast, during the dry
season, pH levels rise to 6.8-8.2, as evaporation and mineral
leaching from storage tanks increase water alkalinity
(Hamilton et al., 2019).

e Turbidity and Suspended Solids

Turbidity levels tend to increase significantly during the
rainy season, as rainfall carries dust, organic debris, and
pollutants from the atmosphere and catchment surfaces into
storage tanks (Amoah et al., 2019). Research in Nigeria found
that rainwater turbidity reached 15-20 NTU during heavy
rainfall events, exceeding the WHO permissible limit of 5
NTU (Reyneke et al., 2016). In contrast, turbidity decreases
in the dry season (typically below 5 NTU) as water sediments
over time, allowing suspended solids to settle at the bottom
of storage tanks.

e Total Dissolved Solids (TDS) and Heavy Metal
Accumulation

TDS levels in stored rainwater increase during the dry
season, as evaporation concentrates dissolved salts and
minerals (Hamilton et al., 2019). A study in Ghana reported
that TDS values increased by 35% between the wet and dry
seasons, with dry season levels exceeding 300 mg/L—
approaching the WHO-recommended limit of 500 mg/L
(Amoah et al., 2019).

Heavy metal contamination follows a similar trend.
Lead (Pb) and cadmium (Cd) concentrations in stored
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rainwater were found to be significantly higher in the dry
season, likely due to longer contact time between water and
tank sediments. In contrast, iron (Fe) and zinc (Zn) levels
were higher during the rainy season, as runoff from metal
roofs and airborne pollutants contributed to their
accumulation (Reyneke et al., 2016).

» Seasonal Influence on Microbiological Contamination

Microbial contamination of rainwater fluctuates across
seasons, influenced by temperature, humidity, and organic
matter availability. The prevalence of bacteria, viruses, and
protozoa in stored rainwater is largely determined by external
contamination sources, such as bird droppings, decaying
organic matter, and atmospheric microorganisms (Hamilton
et al., 2019).

e Total Viable Count (TVC) and Total Coliform Count
(TCC)

During the rainy season, microbial growth increases due
to higher temperatures, humidity, and organic nutrient loads
(Kumar et al., 2019). Research shows that total viable count
(TVC) in stored rainwater reaches 2.5 x 10* CFU/mL in the
wet season, compared to 1.5 x 103 CFU/mL in the dry season
(Amoah et al., 2019). Similarly, total coliform count (TCC)
often exceeds 150 CFU/100mL during peak rainfall months,
exceeding WHO’s permissible limit of zero coliforms per
100mL for drinking water (Reyneke et al., 2016).

e Escherichia Coli and Pathogen Presence

The presence of Escherichia coli (E. coli) in stored
rainwater is significantly higher during the rainy season, as
fecal matter from birds and animals is washed into catchment
areas (Hamilton et al., 2019). A study in Nigeria found that
E. coli contamination in stored rainwater increased by 60%
during the wet season, contributing to a higher incidence of
waterborne diseases such as diarrhea and typhoid fever
(Kumar et al., 2019).

In contrast, the dry season is associated with biofilm
formation, where bacteria adhere to storage tank surfaces,
leading to persistent contamination even after water is
replenished (Amoah et al., 2019). Protozoan pathogens, such
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as Giardia and Cryptosporidium, have been detected in 40%
of rainwater samples, particularly in storage systems with
prolonged retention periods (Reyneke et al., 2016).

» Implications of Seasonal Variations on Water Quality
Management
The seasonal variability in stored rainwater quality
poses significant challenges for water management and
public health safety. The following considerations are critical
for improving water safety in rainwater harvesting systems:

¢ Regular Monitoring and Treatment:

Seasonal assessments of pH, turbidity, TDS, and
microbial loads are necessary to maintain safe water quality
standards (Kumar et al., 2019).

Implementing biotreatment solutions, such as moringa
seed filtration, activated carbon adsorption, and UV
sterilization, can  significantly  reduce  microbial
contamination (Amoah et al., 2019).

o Improved Storage and Filtration Systems:

Proper roof catchment maintenance and first-flush
diverters can reduce contaminant loads during the rainy
season (Hamilton et al., 2019).

Tank cleaning protocols and sediment removal are
essential to minimize heavy metal accumulation and biofilm
formation in the dry season (Reyneke et al., 2016).
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o Public Health Awareness and Policy Development:

Community education on seasonal contamination risks
and simple treatment methods can reduce exposure to
waterborne diseases (Kumar et al., 2019).

Government policies should promote affordable
filtration technologies and regulatory guidelines for rainwater
harvesting safety (WHO, 2021).

Seasonal  variations  significantly  impact the
physicochemical and microbiological quality of stored
rainwater, affecting its potability and safety. While the rainy
season introduces high turbidity and microbial
contamination, the dry season leads to increased heavy metal
accumulation and biofilm formation. Implementing effective
monitoring, treatment, and storage strategies is essential for
ensuring the safe use of harvested rainwater, particularly in
regions where rainwater serves as a primary water source.

The quality of stored rainwater fluctuates seasonally,
influenced by temperature, humidity, and contamination
sources. Table 3 provides an overview of key
physicochemical ~and  microbiological ~ parameters,
highlighting their seasonal variations, health implications,
WHO standards, and recommended treatment strategies.
Understanding these trends is critical for ensuring safe

rainwater harvesting and management.

Table 3 Seasonal Influence on Physicochemical and Microbiological Quality of Stored Rainwater

Parameter Seasonal Variation Health Implications WHO Limits Recommended
Treatment Strategies
pH Lower in wet season (4.5-6.5) Low pH causes 6.5-8.5 Limestone or soda ash
due to acid rain; higher in dry corrosion; high pH to stabilize pH levels.
season (6.8-8.2) due to affects taste and safety.
evaporation and mineral
leaching.
Turbidity Increases in wet season (15-20 | High turbidity reduces <5NTU Filtration and
NTU) due to debris and runoff; | disinfection efficiency sedimentation to
decreases in dry season (<5 and protects pathogens. remove particulates.
NTU) as sediments settle.
Total Dissolved Higher in dry season (TDS Excess TDS impacts < 500 mg/L Reverse osmosis or
Solids (TDS) increases by 35%) due to taste and can pose activated carbon
evaporation; lower in wet health risks in high filtration.
season due to dilution from concentrations.
rainfall.
Heavy Metals Lead (Pb) & Cadmium (Cd) Heavy metals cause Pb: 0.01 mg/L, Activated carbon, ion
higher in dry season due to neurotoxicity (Pb), Cd: 0.003mg/L, | exchange resins, and
prolonged storage; Iron (Fe) & kidney dysfunction Fe: 0.3 mg/L sediment filters.
Zinc (Zn) higher in wet season (Cd), and water
due to roof runoff. discoloration (Fe).

Total Viable Count | TVC peaks in wet season (2.5 x | High microbial counts | 0 coliforms per Chlorination, UV
(TVC) & Total 10* CFU/mL); lower in dry cause gastrointestinal 100 mL sterilization, and
Coliform Count season (1.5 x 103 CFU/mL). infections, diarrhea, boiling.

(TCC) TCC exceeds 150 CFU/100mL and typhoid fever.
in wet season.
Escherichia coli & | E. coli contamination increases Increased risk of 0 CFU/mL for Advanced filtration
Pathogens by 60% in wet season due to cholera, E. coli (membrane
runoff; dry season promotes cryptosporidiosis, and bioreactors, biochar
adsorption).
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biofilm formation and persistent
microbial contamination.

persistent bacterial
contamination.

Seasonal Water Regular monitoring and
Quality treatment needed; first-flush
Management diverters for rainy season, tank
cleaning for dry season, and
public health awareness
programs.

Seasonal contamination | Regular testing
risks require adaptive
storage and treatment | health measures | community education.

solutions to ensure safe | recommended.

water use.

Regular monitoring,

and public tank cleaning, and

D. Challenges in Ensuring Safe Stored Rainwater

Rainwater harvesting (RWH) has gained global
recognition as a sustainable alternative for potable and non-
potable water supply. However, ensuring the safety and
quality of stored rainwater remains a significant challenge
due to contaminant accumulation, inadequate storage
management, seasonal variations, and lack of regulatory
enforcement (Hamilton et al., 2019). In many regions,
particularly rural and peri-urban areas, rainwater is stored in
underground tanks or above-ground reservoirs without
sufficient treatment, increasing public health risks associated
with microbial pathogens and chemical pollutants (Reyneke
et al., 2016). Despite the benefits of RWH, several challenges
hinder its effectiveness in providing safe drinking water,
necessitating improved monitoring, treatment strategies, and
policy frameworks (Amoah et al., 2019).

» Microbial Contamination and Public Health Risks

One of the primary concerns with stored rainwater is
microbiological contamination, which poses severe public
health risks, particularly in communities lacking water
treatment facilities (WHO, 2021). The presence of pathogenic
bacteria, viruses, protozoa, and fungi in stored rainwater has
been extensively documented, often exceeding World Health
Organization (WHO) guidelines for safe drinking water.

e Total Viable Count (TVC) and Total Coliform Count
(TCC)

Research indicates that stored rainwater in tropical
regions often exceeds WHO’s permissible microbial limits,
with TVC levels reaching 1.8 x 10* CFU/mL during the rainy
season (Kumar et al., 2019).

Total coliform count (TCC) frequently surpasses 150
CFU/100mL, significantly higher than the WHO-
recommended zero coliforms per 100mL for drinking water
(Hamilton et al., 2019).

Escherichia coli, Salmonella, and Legionella species
have been detected in 45-60% of stored rainwater samples,
especially in systems lacking disinfection mechanisms
(Amoah et al., 2019).

¢ Viral and Protozoan Contaminants

Studies show that rainwater storage tanks can harbor
viruses such as norovirus, rotavirus, and adenovirus,
particularly when bird and animal droppings contaminate
collection surfaces (Reyneke et al., 2016).

Protozoan parasites like Giardia lamblia and

Cryptosporidium parvum have been identified in 40% of
untreated stored rainwater samples, causing outbreaks of
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gastrointestinal diseases in communities relying on untreated
water (Kumar et al., 2019).

» Chemical Contamination and Heavy Metal Accumulation

In addition to microbial contamination, stored rainwater
is susceptible to chemical pollutants, including heavy metals,
pesticides, and atmospheric deposition of industrial by-
products (Hamilton et al., 2019).

e Heavy Metals (Lead, Cadmium, Iron, and Zinc)

Lead (Pb) concentrations in stored rainwater have been
found to exceed 0.02 mg/L, twice the WHO limit of 0.01
mg/L, particularly in urban and industrial regions (Amoah et
al., 2019).

Cadmium (Cd) contamination is also prevalent, with
levels reaching 0.005 mg/L, exceeding the WHO limit of
0.003 mg/L in 40% of rainwater samples from metal roof
catchments (Reyneke et al., 2016).

Zinc (Zn) and iron (Fe) accumulation from corroded
storage tanks contributes to metal leaching into rainwater,
significantly affecting taste, odor, and water safety (Kumar et
al., 2019).

e Acid Rain and pH Instability

Acid rain, a result of industrial emissions and vehicular
pollutants, lowers the pH of stored rainwater to 4.5-6.0, well
below the WHO-recommended range of 6.5-8.5 (WHO,
2021).

Low pH levels accelerate metal leaching from storage
tanks, increasing the concentration of toxic elements such as
lead and cadmium in harvested rainwater (Hamilton et al.,
2019).

» Storage-Related Issues and Biofilm Formation

The design, material, and maintenance of rainwater
storage tanks significantly impact water quality. Poorly
maintained tanks foster biofilm formation, sediment
accumulation, and chemical degradation, reducing water
safety and usability (Reyneke et al., 2016).

e Biofilm Growth and Bacterial Persistence

Stored rainwater can support the growth of biofilms—
microbial layers that attach to tank surfaces, allowing bacteria
such as Legionella pneumophila to thrive (Kumar et al.,
2019).

Biofilms provide a protective environment for
pathogens, making conventional disinfection methods less
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effective and increasing the risk of persistent contamination
(Hamilton et al., 2019).

o Sediment Accumulation and Stagnation

Inadequate tank cleaning and prolonged water storage
result in sediment build-up, increasing heavy metal
concentrations and creating a breeding ground for anaerobic
bacteria (Amoah et al., 2019).

Studies reveal that TDS levels in stagnant stored
rainwater increase by 40-50% over six months of storage,
significantly affecting water taste and safety (Reyneke et al.,
2016).

» Lack of Regulatory Frameworks and Public Awareness

Despite the widespread adoption of RWH, many
countries lack standardized guidelines for monitoring,
treatment, and quality control of stored rainwater (WHO,
2021).

¢ |nadequate Water Quality Regulations

In many developing countries, no specific legal
frameworks exist to regulate the microbial and chemical
safety of harvested rainwater (Kumar et al., 2019).

Even in regions where guidelines exist, enforcement is
weak, leading to inconsistent water quality standards and
increased public health risks (Hamilton et al., 2019).

e Low Public Awareness and Adoption of Treatment
Methods
Many communities lack knowledge of simple treatment
techniques, such as boiling, UV disinfection, or biofiltration,
leading to direct consumption of untreated rainwater (Amoah
etal., 2019).

A survey found that over 65% of households in rural
Nigeria do not treat harvested rainwater, significantly
increasing exposure to microbial infections (Reyneke et al.,
2016).

» Strategies for Improving Stored Rainwater Quality

To address these challenges, integrated water quality
management strategies must be implemented. Key
recommendations include:
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e Regular Monitoring and Treatment
Routine testing of pH, turbidity, TDS, and microbial
contamination should be mandated (WHO, 2021).

Simple, cost-effective treatment methods such as solar
disinfection (SODIS), moringa seed filtration, and activated
carbon adsorption should be promoted (Hamilton et al.,
2019).

e Improved Storage and Design Modifications

Use of first-flush diverters and UV-resistant storage
tanks can minimize contamination risks (Reyneke et al.,
2016).

Regular tank cleaning and biofilm removal can prevent
bacterial persistence (Amoah et al., 2019).

e Policy Development and Public Education

Governments should implement clear regulatory
guidelines for rainwater quality monitoring (Kumar et al.,
2019).

Awareness campaigns on safe storage, treatment
methods, and seasonal risks should be conducted in water-
scarce communities (WHO, 2021).

Ensuring the safety of stored rainwater remains a critical
challenge due to microbial, chemical, and storage-related
contaminants. Addressing these issues requires improved
monitoring  systems, community education, policy
enforcement, and innovative treatment solutions. By
integrating cost-effective treatment technologies and public
health interventions, rainwater harvesting can continue to
serve as a sustainable water source while minimizing health
risks.

Despite the benefits of rainwater harvesting (RWH),
ensuring the safety of stored rainwater remains a challenge
due to microbial contamination, chemical pollutants, biofilm
formation, and inadequate regulations. Table 4 outlines the
key challenges, their health impacts, seasonal variations, and
recommended solutions for improving water quality.
Addressing these issues is crucial for making rainwater a
sustainable and safe water source.

Table 4 Challenges in Ensuring Safe Stored Rainwater: Risks, Seasonal Variations, and Mitigation Strategies

Count (TVC) &
Total Coliform
Count (TCC)

1.8 x 10* CFU/mL in
wet season; TCC
often surpasses 150
CFU/100mL.

Challenge Description Health Impact WHO Limit Seasonal Recommended
Influence Solutions
Microbial Stored rainwater Causes diarrhea, 0 coliforms per | Higher microbial | Regular microbial
Contamination frequently exceeds typhoid, and 100mL loads in wet testing and
WHO microbial cholera. season due to disinfection (UV,
safety limits, contamination chlorination).
increasing health from runoff.
risks.
Total Viable TVC levels can reach | Increases the risk of | 0 coliforms per Increased TVC First-flush

gastrointestinal
infections and E.
coli contamination.

100mL and TCC in wet
season; lower in

dry season.

diverters to reduce
contamination
from catchment
surfaces.
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Viral &
Protozoan
Contaminants

Rainwater may
contain norovirus,
rotavirus, Giardia, and
Cryptosporidium,

Protozoa and
viruses cause
waterborne diseases
and outbreaks.

Not established
for
protozoa/viruses

Viral and
protozoan
contamination
peaks in rainy

Boiling, UV
treatment, and
advanced filtration
(membrane

(4.5-6.0), accelerating
metal leaching from
tanks.

to increased toxic
metal ingestion.

causing season. bioreactors).
gastrointestinal
diseases.

Chemical Lead (Pb) and Heavy metal Pb: 0.01 mg/L, Pb & Cd Use of corrosion-
Contamination & | Cadmium (Cd) levels exposure leads to Cd: 0.003 mg/L increase in dry resistant storage
Heavy Metals exceed WHO limits in neurotoxicity, season due to materials and

40% of samples from | kidney damage, and prolonged water heavy metal
metal roofs. cancer risks. contact with tank filtration.
sediments.
Acid Rain & pH Industrial emissions | Low pH accelerates 6.5-85 More acidic Alkaline treatment
Instability lower rainwater pH corrosion, leading rainwater in wet and better

season; higher
pH in dry season
due to
evaporation.

emission controls
to prevent acid
rain impacts.

Storage Issues &

Biofilms harbor

Persistent bacterial

No standard;

Biofilms persist

Routine tank

Biofilm bacteria like contamination due biofilm year-round but cleaning and
Formation Legionella, making | to biofilm growth in | formation must worsen in biofilm prevention
disinfection less storage tanks. be controlled stagnant water through aeration.
effective. during dry
season.
Sediment TDS levels increase High sediment TDS <500 Sediment Regular sediment
Accumulation & by 40-50% over six levels increase mg/L accumulation removal and tank
Stagnation months, degrading metal accumulation worsens in dry maintenance.
water quality. and bacterial season,
proliferation. increasing TDS
levels.
Lack of Many countries lack | Lack of monitoring Regulations Seasonal Implementation of
Regulatory enforceable water increases exposure | vary by country | variations affect | national standards
Frameworks quality regulations for | to unsafe drinking microbial and for stored
harvested rainwater. water. chemical risk rainwater safety.
levels.
Low Public 65% of rural Communities No limit, but More awareness Community
Awareness & households in Nigeria unaware of WHO campaigns education on
Treatment consume untreated treatment options recommends needed during rainwater
Adoption rainwater, increasing face increased treatment for peak treatment and safe
infection risks. microbial exposure. harvested contamination storage practices.
rainwater seasons.

METHPDOLOGY

A. Study Area and Location

The study was conducted

in Ogbadibo Local

estimated area of 512 km2 (Amoah et al., 2019). The region
experiences a tropical climate with two major seasons:

Rainy season (April — October) with average annual

Government Area (LGA), Benue State, Nigeria, a region
known for its seasonal rainfall variations and reliance on
rainwater harvesting (RWH) for domestic and agricultural
purposes. The area experiences distinct wet and dry seasons,
which influence the microbiological and physicochemical
properties of stored rainwater. The selection of Ogbadibo
LGA as the study site was based on the high dependence on
stored rainwater, lack of centralized potable water supply, and
concerns over water quality deterioration (Hamilton et al.,
2019).

» Geographic and Climatic Characteristics

Ogbadibo LGA is situated between latitudes 7°30" and
7°45' North and longitudes 8°00' and 8°15' East, covering an

NISRT25FEB1023
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rainfall ranging from 1,200 mm to 1,600 mm, and

Dry season (November — March) characterized by low
humidity, high evaporation rates, and water scarcity
(Reyneke et al., 2016).

The mean annual temperature ranges between 25°C and
32°C, while relative humidity fluctuates between 50% in the
dry season and 85% in the wet season (Kumar et al., 2019).
These climatic variations significantly impact water quality
by affecting biological growth, mineral leaching, and
microbial survival rates in stored rainwater (WHO, 2021).
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» Hydrology and Water Supply Challenges

The hydrological setting of Ogbadibo LGA is
characterized by seasonal rivers and shallow aquifers, which
are often unreliable due to fluctuating recharge rates. Most
residents depend on rainwater harvesting (RWH) as their
primary water source, supplemented by shallow wells,
boreholes, and surface water bodies (Hamilton et al., 2019).
However, seasonal drying of surface water sources, high iron
content in groundwater, and inadequate water treatment
facilities pose significant challenges for potable water supply
(Amoah et al., 2019).

A survey conducted by Reyneke et al. (2016) in Benue
State revealed that:

Over 65% of households rely on stored rainwater for
drinking and domestic use.

Microbial contamination was detected in 75% of
untreated stored rainwater samples, particularly during the
rainy season.

Heavy metal concentrations (Pb, Cd, Fe) exceeded
WHO permissible limits in over 30% of samples, especially
in long-stored water during the dry season.

» Selection of Study Locations

To ensure comprehensive data collection, 27
underground rainwater storage tanks were selected across
nine communities within Ogbadibo LGA based on population
density, reliance on RWH, and variations in storage
infrastructure (Kumar et al., 2019). The selected locations
covered:

Urban centers with high-density residential storage
tanks.

Semi-urban areas with a mix of household and
community-based storage systems.

Rural settlements where rainwater harvesting serves as
the primary water source.

The study sites were geographically mapped using GIS
tools to correlate rainfall distribution, land use patterns, and
water quality trends.

> Influence of Seasonal Variations on Stored Rainwater
Quality
Rainwater quality in Ogbadibo LGA is significantly
influenced by seasonal fluctuations. During the wet season,
stored rainwater is exposed to:

High turbidity levels (15-20 NTU) due to rooftop debris
and atmospheric particulates (Hamilton et al., 2019).

Increased microbial loads, with TVC reaching 2.5 x 10*
CFU/mL due to higher humidity and organic matter
availability (Amoah et al., 2019).

In contrast, the dry season is characterized by:
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Elevated Total Dissolved Solids (TDS), with
concentrations rising from 150 mg/L in the wet season to 350
mg/L in the dry season due to evaporation and sedimentation
effects (Reyneke et al., 2016).

Heavy metal accumulation, particularly lead (Pb) and
cadmium (Cd), which exceed WHO permissible limits in
prolonged storage conditions (Kumar et al., 2019).

» Justification for Selecting Ogbadibo LGA
The selection of Ogbadibo LGA as the study area was
justified by:

e High dependence on rainwater harvesting — Over 65% of
households rely on stored rainwater, highlighting the need
for quality assessment and safety improvements (WHO,
2021).

e Seasonal variations affecting water safety — The region
experiences fluctuating microbial and physicochemical
parameters, posing public health risks (Amoah et al.,
2019).

e Lack of centralized water treatment facilities — The
absence of municipal water treatment plants makes
rainwater harvesting the primary source of drinking water,
necessitating sustainable treatment solutions (Hamilton et
al., 2019).

» Statistical Model for Seasonal Water Quality Variations

To evaluate the impact of seasonal variations on water
quality, a linear regression model was applied to analyze the
relationship between rainfall levels (R), microbial
contamination (M), and heavy metal concentration (H). The
general equation for the model is:

WQ =B+ PR+ M+ PsH+e€

Where:
WQ = Water Quality Index
Bo = Intercept
B1, B2, B3 = Coefficients for seasonal effects
R = Rainfall intensity (mm/month)
M = Microbial contamination level (TVC and TCC counts)
H = Heavy metal concentration (mg/L)
€ = Error term

Preliminary analysis indicates a strong correlation
(R? = 0.78) between rainfall intensity and microbial
contamination, confirming that waterborne pathogen risks
increase significantly during the rainy season (Reyneke et al.,
2016).

The study area, Ogbadibo LGA, Benue State, Nigeria,

presents a unique setting for investigating the effects of
seasonal variations on stored rainwater quality. The region’s
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high reliance on rainwater harvesting, fluctuating
environmental conditions, and absence of centralized
treatment systems make it an ideal location for assessing
microbial and physicochemical contamination trends. The
study’s findings will provide scientific evidence for
improving rainwater treatment strategies, public health
policies, and sustainable water management practices.

B. Sample Collection and Seasonal Classification

The collection of rainwater samples for quality
assessment was conducted following standardized sampling
protocols to ensure accuracy, reproducibility, and statistical
reliability. The study adhered to World Health Organization
(WHO) guidelines for water quality testing, focusing on the
physicochemical and microbiological properties of stored
rainwater across different seasons (WHO, 2021). The
classification of seasonal variations in rainwater quality was
based on rainfall intensity, temperature fluctuations, and
microbial growth dynamics, which are critical determinants
of water safety (Hamilton et al., 2019).

» Sampling Sites and Selection Criteria

A total of 234 water samples were collected from 27
underground rainwater storage tanks located across nine
communities in Ogbadibo Local Government Area (LGA),
Benue State, Nigeria. The selection of sampling sites was
based on:

e Geographic Distribution — To ensure representative
sampling, sites were selected from urban, semi-urban, and
rural settlements, capturing variations in storage
infrastructure, environmental exposure, and land-use
activities (Amoah et al., 2019).

e Storage Conditions — Only underground tanks with at
least six months of continuous use were included, as these
provide long-term storage data relevant for seasonal
comparisons (Reyneke et al., 2016).

e Household and Community Use — Both household storage
tanks and community-based reservoirs were sampled to
assess differences in water management practices and
contamination risks (Kumar et al., 2019).

Each site was assigned a unique identification code, and
samples were collected under controlled conditions to prevent
cross-contamination and ensure data integrity.

» Seasonal Classification and Sampling Timeline

To analyze seasonal variations in stored rainwater
quality, the study followed a three-season classification
approach, commonly applied in tropical climatic regions
(WHO, 2021):

o Early Rainy Season (April — June) — Characterized by
moderate rainfall (100-200 mm/month) and increasing
humidity, leading to initial microbial contamination from
rooftop runoff (Hamilton et al., 2019).

e Peak Rainy Season (July — October) — High-intensity
rainfall (200-300 mm/month) increases turbidity, organic
matter accumulation, and microbial loads (Amoah et al.,
2019).
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e Dry Season (November — March) — Low rainfall (<50
mm/month) and prolonged storage contribute to higher
total dissolved solids (TDS) and heavy metal
accumulation (Reyneke et al., 2016).

Samples were collected monthly across the study
period, with at least 26 samples per season to ensure statistical
significance (Kumar et al., 2019).

» Sample Collection Procedure

The collection of rainwater samples followed 1SO 5667-
1:2020 standards for water sampling to ensure reproducibility
and contamination control (WHO, 2021).

e Collection Equipment and Sterilization

Pre-sterilized 500 mL borosilicate glass bottles were
used for physicochemical analysis, while autoclaved 1,000
mL polyethylene bottles were used for microbiological tests.

All sampling containers were triple-rinsed with distilled
water and sterilized at 121°C for 15 minutes before use
(Reyneke et al., 2016).

e Sample Preservation and Transport

Samples for microbial analysis were transported in ice-
cooled containers (4°C) and analyzed within 6 hours of
collection.

Samples for physicochemical testing were stored at
ambient temperature (20-25°C) to prevent chemical
alterations (Hamilton et al., 2019).

» Sample Size Determination and Statistical Justification

The required sample size (n) was calculated using
Cochran’s formula (1977) for determining the minimum
sample size for water quality analysis:

Z2P(1 - P)
"t
Where:
Z =1.96 (for a 95% confidence level)
P = 0.5 (expected proportion of contaminated samples)
d =0.05 (margin of error) (Reyneke et al., 2016).
> Analytical Framework for Seasonal Comparisons
To assess seasonal differences in stored rainwater
quality, Analysis of Variance (ANOVA) was applied to
compare mean physicochemical and microbiological

parameters across seasons. The general model used was:

Yl] =u + a; + Eij
Where:

Y;; = Observed water quality parameter

u = Overall mean
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a; = Effect of seasonal variation
€;; = Random error

Preliminary results showed statistically significant
seasonal variations (p < 0.05) in key contaminants such as
turbidity, microbial load, and heavy metal content (Kumar et
al., 2019).

» Seasonal Influences on Water Quality

e Early Rainy Season (April — June)
Turbidity levels increased (10-15 NTU) due to initial
rooftop runoff contamination.

Total coliform count (TCC) ranged between 50-80
CFU/100mL, exceeding WHO limits (Amoah et al., 2019).

e Peak Rainy Season (July — October)
Microbial loads reached maximum levels with E. coli
presence in 60% of samples (Hamilton et al., 2019).

Heavy metal concentrations were lower due to high
dilution effects (Reyneke et al., 2016).

e Dry Season (November — March)

Higher total dissolved solids (TDS) values (250-400
mg/L) due to evaporation and mineral concentration (Kumar
etal., 2019).

Lead (Pb) and cadmium (Cd) exceeded WHO limits in
30% of samples, posing long-term health risks (WHO, 2021).

The sample collection and seasonal classification
approach provided robust datasets for evaluating the impact
of seasonal variations on stored rainwater quality. The study
employed standardized sampling techniques, statistical
modeling, and controlled environmental conditions to ensure
data accuracy and reproducibility. These findings will be
instrumental in developing targeted water quality
improvement strategies, public health interventions, and
sustainable rainwater treatment solutions.

C. Physicochemical Analysis of Water Samples

Physicochemical analysis is a critical aspect of water
quality assessment, providing insight into the chemical
composition, mineral content, and overall potability of stored
rainwater. In rainwater harvesting (RWH) systems, stored
water quality deteriorates over time due to environmental
exposure, storage conditions, and seasonal influences
(Hamilton et al., 2019). This study systematically analyzed
pH, turbidity, total dissolved solids (TDS), hardness,
alkalinity, and heavy metal concentrations across different
seasons to evaluate the safety and suitability of stored
rainwater for domestic use.

» Parameters Analyzed and their Public Health
Significance
The physicochemical parameters were selected based on
World Health Organization (WHO) drinking water quality
guidelines and their implications for human health and
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infrastructure safety (WHO, 2021). The parameters analyzed
included:

e pH — Determines the acidity or alkalinity of water,
affecting corrosiveness and microbial growth (Kumar et
al., 2019).

e Turbidity — Indicates suspended particles, organic matter,
and microbial contamination (Amoah et al., 2019).

e Total Dissolved Solids (TDS) — Measures dissolved salts
and minerals, influencing taste and water hardness
(Reyneke et al., 2016).

e Total Hardness — Indicates the presence of calcium and
magnesium ions, which impact scaling and household
appliance efficiency (Hamilton et al., 2019).

e Alkalinity — Reflects the water’s buffering capacity,
influencing pH stability and metal solubility (Kumar et
al., 2019).

e Heavy Metals (Lead, Cadmium, Iron, Zinc, Copper) —
Assessed due to their potential toxicity and health risks
(WHO, 2021).

» Analytical Methods used

The physicochemical properties of stored rainwater
were measured using standardized laboratory procedures,
ensuring precision and reproducibility. The analytical
methods included:

e pH Measurement

v Determined using a digital pH meter (Model HANNA
211) calibrated with buffer solutions (pH 4.0, 7.0, and
10.0).

v" WHO recommended range for drinking water: 6.5 — 8.5
(WHO, 2021).

e Turbidity Analysis

v" Measured using a HACH 2100Q Turbidimeter, with
values expressed in Nephelometric Turbidity Units
(NTU).

v' ' WHO limit: <5 NTU (Amoah et al., 2019).

e Total Dissolved Solids (TDS) Determination

v Conducted using a portable conductivity meter (Hanna HlI
9835).
v" WHO limit; 500 mg/L (Hamilton et al., 2019).

e Total Hardness

v’ Determined via EDTA titration, with values reported in
mg/L CaCO:s.

v" WHO recommended limit: <300 mg/L CaCOs (Reyneke
et al., 2016).

e Alkalinity Assessment
v' Measured by acid-base titration using sulfuric acid

(H2SOs, 0.02N).
v" Expressed in mg/L CaCOs.
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e Heavy Metal Analysis

v" Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) and Atomic Absorption Spectroscopy (AAS) were
used to quantify Pb, Cd, Fe, Zn, and Cu (Kumar et al.,
2019).

v" WHO limits: Pb (0.01 mg/L), Cd (0.003 mg/L), Fe (0.3
mg/L), Zn (3.0 mg/L), Cu (2.0 mg/L) (WHO, 2021).

» Seasonal Variability in Physicochemical Properties

e pH Variations Across Seasons

Rainy Season (April — October): pH values ranged from
5.5 to 7.0, often falling below WHO limits due to acid rain
formation and organic matter decay (Amoah et al., 2019).

Dry Season (November — March): pH increased to 7.2 —
8.1, likely due to evaporation and mineral concentration in
storage tanks (Hamilton et al., 2019).

e Turbidity Fluctuations

Peak turbidity occurred during the rainy season (10 — 20
NTU) due to roof debris, dust, and runoff contamination
(Reyneke et al., 2016).

Turbidity declined to 2 — 5 NTU in the dry season, as
sedimentation and longer storage durations allowed particles
to settle (Kumar et al., 2019).

o Total Dissolved Solids (TDS) and Hardness Trends

TDS levels increased significantly in the dry season
(250 — 400 mg/L) due to water stagnation and mineral
leaching from storage tanks (Hamilton et al., 2019).

Hardness values were higher in the dry season (120 —
300 mg/L), indicating higher concentrations of calcium and
magnesium ions (Amoah et al., 2019).

e Heavy Metal Accumulation

Lead (Pb) and cadmium (Cd) exceeded WHO limits in
30% of dry season samples, likely due to tank corrosion and
prolonged storage (Reyneke et al., 2016).

Zinc (Zn) and iron (Fe) concentrations were higher in
the rainy season, attributed to roof runoff contamination from
galvanized surfaces (Kumar et al., 2019).

» Statistical Analysis of Physicochemical Parameters

A one-way Analysis of Variance (ANOVA) was
performed to compare seasonal variations in physicochemical
properties, using the model:

YU =u + a; + Eij
Where:
Y;; = Observed water quality parameter

u = Overall mean

a; = Seasonal effect
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€;; = Random error

Results showed statistically significant seasonal
variations (p < 0.05) in pH, turbidity, TDS, and heavy metal
concentrations, confirming the strong influence of climatic
conditions on stored rainwater quality (Hamilton et al., 2019).

> Implications for Water Safety and Treatment Strategies

The findings highlight the need for regular water quality
monitoring and effective treatment methods to ensure safe
stored rainwater. Key recommendations include:

e First-Flush Diversion Systems — To reduce roof runoff
contamination, lowering turbidity and microbial loads
(Amoah et al., 2019).

e Filtration and Disinfection Technologies — Use of sand
filters, activated carbon, and UV sterilization to eliminate
heavy metals and pathogens (Reyneke et al., 2016).

e Chemical Stabilization — Adjusting pH and alkalinity
using calcium carbonate to maintain water stability and
minimize corrosion risks (Kumar et al., 2019).

The physicochemical analysis of stored rainwater
revealed significant seasonal variations, influencing
potability, microbial growth, and public health risks. pH,
turbidity, TDS, and heavy metal concentrations exceeded
WHO permissible limits in some cases, necessitating targeted
treatment interventions. Future studies should explore cost-
effective biotreatment methods to enhance water quality
sustainability.

D. Microbiological Assessment of Stored Rainwater

Microbiological contamination is a major concern in
rainwater harvesting (RWH) systems, as stored water is
highly susceptible to bacterial, viral, fungal, and protozoan
contamination from atmospheric deposition, catchment
surfaces, and storage conditions (Hamilton et al., 2019). The
presence of pathogenic microorganisms in stored rainwater
poses serious public health risks, particularly in communities
that rely on untreated rainwater for drinking and domestic use
(WHO, 2021). This study conducted a comprehensive
microbiological assessment of stored rainwater samples
across different seasons, focusing on total viable count
(TVC), total coliform count (TCC), Escherichia coli
presence, and fungal contamination.

» Microbial Indicators and Public Health Significance

Microbiological quality assessment was based on WHO
drinking water standards, with key microbial indicators
including:

e Total Viable Count (TVC) — Measures aerobic bacterial
load, indicating overall microbial contamination levels
(Amoah et al., 2019).

e Total Coliform Count (TCC) — Identifies fecal and
environmental contamination sources, providing an
indicator of sanitation status (Kumar et al., 2019).

¢ Escherichia coli (E. coli) — Confirms fecal contamination,
serving as a proxy for potential pathogen presence
(Reyneke et al., 2016).
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e Fungal Contamination — Evaluates the presence of
Aspergillus, Penicillium, and Candida species, which can
contribute to biofilm formation and waterborne diseases
(Hamilton et al., 2019).

» Sample Collection and Analytical Methods

Microbiological analysis was conducted on 234 stored
rainwater samples collected from 27 underground storage
tanks in Ogbadibo Local Government Area (LGA), Benue
State, Nigeria. The samples were analyzed using standard
microbiological techniques as recommended by ISO
6222:1999 for total viable count and ISO 9308-1:2014 for
coliform detection (WHO, 2021).

e Total Viable Count (TVC) Determination
Pour plate method was used, with nutrient agar
incubated at 37°C for 24 hours.

Results were expressed in colony-forming units per
milliliter (CFU/mL).

WHO limit: TVC should be <500 CFU/mL for potable
water (Amoah et al., 2019).

e Total Coliform Count (TCC) and Escherichia coli
Detection
Most Probable Number (MPN) method was applied
using MacConkey broth incubation at 44.5°C.

E. coli confirmation was conducted using Eosin
Methylene Blue (EMB) agar.

WHO limit: Zero coliforms per 100 mL for drinking
water (Hamilton et al., 2019).

e Fungal and Protozoan Contamination Assessment
Sabouraud Dextrose Agar (SDA) was used for fungal
isolation.

Microscopic identification of protozoan cysts (e.g.,
Giardia lamblia) was performed using formalin-ether
concentration techniques (Reyneke et al., 2016).

» Seasonal Variability in Microbial Contamination

e Total Viable Count (TVC) Trends

Wet Season (April — October): TVC ranged from 2.5 x
10* to 3.1 x 10* CFU/mL, exceeding WHO standards due to
high humidity and organic debris accumulation (Kumar et al.,
2019).

Dry Season (November — March): TVC reduced to 1.2
x 10% — 1.9 x 103 CFU/mL, likely due to longer storage
durations and reduced microbial proliferation (Hamilton et
al., 2019).

e Total Coliform Count (TCC) and E. coli Presence

Rainy season samples showed elevated TCC levels
(100-200 CFU/100mL), with E. coli detected in 60% of
samples, indicating fecal contamination from roof runoff and
airborne deposition (Amoah et al., 2019).
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Dry season samples exhibited lower coliform counts
(<50 CFU/100mL), though persistent contamination was
observed due to biofilm formation inside tanks (Reyneke et
al., 2016).

e Fungal and Protozoan Contamination

Aspergillus and Penicillium species were detected in
45% of samples during the dry season, correlating with higher
TDS and organic matter concentrations (Kumar et al., 2019).

Giardia lamblia cysts were found in 30% of wet season
samples, attributed to animal waste runoff and poor storage
hygiene (Hamilton et al., 2019).

> Statistical Analysis of Microbial Load Variations

A one-way ANOVA was conducted to determine the
significance of seasonal differences in  microbial
contamination, using the model:

YVj=pu+a +e;
Where:
Y;; = Microbial concentration in stored rainwater
u = Overall mean
«; = Seasonal variation effect
€;; = Random error

Results indicated statistically significant differences
(p < 0.05) in TVC, TCC, and E. coli prevalence across
seasons, confirming the strong seasonal impact on
microbiological water quality (Reyneke et al., 2016).

» Implications for Public Health and Water Treatment
The high levels of coliform bacteria, E. coli, and fungal

contaminants in stored rainwater highlight the need for

improved treatment methods. Key recommendations include:

e Roof Catchment Maintenance — Regular cleaning of
collection surfaces and installation of first-flush diverters
to minimize runoff contamination (Amoah et al., 2019).

e Filtration and Disinfection — Use of UV sterilization,
activated carbon filters, and chlorine-based disinfection to
eliminate microbial hazards (Kumar et al., 2019).

e Biofilm Management — Periodic tank cleaning and
biocide application to reduce bacterial persistence in
storage systems (Hamilton et al., 2019).

e Public Health Awareness — Education on safe water
handling practices to prevent waterborne infections
(WHO, 2021).

The microbiological assessment of stored rainwater
revealed significant seasonal variations in bacterial, fungal,
and protozoan contamination levels, with higher risks during
the wet season due to roof runoff contamination and increased
microbial proliferation. Findings underscore the urgent need
for routine monitoring, advanced filtration, and disinfection
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protocols to safeguard public health in communities relying
on stored rainwater.

E. Data Analysis

The effectiveness of seasonal variation in influencing
the microbiological and physicochemical quality of stored
rainwater was statistically analyzed using descriptive and
inferential statistical methods. This section describes the data
processing techniques, statistical tests, and models employed
to interpret the variability in pH, turbidity, total dissolved
solids (TDS), heavy metals, total viable count (TVC), and
total coliform count (TCC) across different seasons. The
study followed 1SO 17025-accredited laboratory standards to
ensure data reliability and reproducibility (WHO, 2021).

» Data Processing and Quality Control

All collected data were subjected to rigorous validation
to minimize measurement errors. The data processing steps
included:

e Duplicate Analysis — Each water quality parameter was
tested in triplicates, with the mean values recorded to
ensure precision and repeatability (Amoah et al., 2019).

e Standard Calibration — Instruments, including pH meters,
turbidity meters, and atomic absorption
spectrophotometers, were calibrated before each test run
using certified reference materials (Reyneke et al., 2016).

e Outlier Detection — Extreme values were identified using
Grubbs' test for outliers and were only removed if
justifiable by measurement error or contamination events
(Hamilton et al., 2019).

» Descriptive Statistics

The mean, standard deviation, and coefficient of
variation were calculated for all measured parameters across
the three classified seasons:

e Early Rainy Season (April —June)
e Peak Rainy Season (July — October)
e Dry Season (November — March)

The descriptive statistics were computed using SPSS
version 26.0 and are summarized as:

Mean pH values ranged from 5.5 £ 0.3 (rainy season) to
7.8 £ 0.4 (dry season), showing significant seasonal variation
(Kumar et al., 2019).

Turbidity was highest in the peak rainy season (15-20
NTU) but decreased significantly in the dry season (2-5
NTU) due to sedimentation effects (Reyneke et al., 2016).

TVC levels peaked at 3.1 x 10* CFU/mL during the
rainy season but declined to 1.9 x 103 CFU/mL in the dry
season, indicating a strong correlation between humidity and
microbial proliferation (Amoah et al., 2019).

» Inferential Statistical Analysis

To determine the statistical significance of seasonal
variations, the study employed:
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o Analysis of Variance (ANOVA)

A one-way ANOVA test was conducted to compare
seasonal differences in microbiological and physicochemical
parameters, using the model:

YVj=utoa +e;
Where:
Y;; = Observed water quality parameter
u = Overall mean
a; = Seasonal effect

€;; = Random error

e Findings:

pH, TDS, and heavy metal concentrations showed
statistically significant seasonal differences (p < 0.05),
confirming that environmental and storage conditions
influence water quality (Hamilton et al., 2019).

Turbidity levels were significantly higher in the rainy
season (p = 0.002), attributed to roof runoff and organic
matter accumulation (Reyneke et al., 2016).

e Duncan’s Multiple Range Test (DMRT) for Pairwise
Comparison
To identify which specific seasons exhibited statistically
significant differences, a Duncan’s Multiple Range Test
(DMRT) was applied. Results indicated that:

TVC and TCC were significantly higher in the rainy
season (p < 0.001), compared to the dry season, suggesting a
strong seasonal dependency of microbial contamination
(Amoah et al., 2019).

Lead (Pb) and cadmium (Cd) concentrations exceeded
WHO permissible limits in the dry season (p = 0.003), likely
due to longer water retention times and metal leaching
(Kumar et al., 2019).

» Correlation and Regression Analysis

A Pearson correlation analysis was conducted to
examine relationships between environmental factors and
water quality indicators. The results showed:

A strong positive correlation (r = 0.81,p < 0.01)
between rainfall intensity and turbidity levels, indicating that
higher precipitation contributes to increased suspended solids
in stored rainwater (Hamilton et al., 2019).

A moderate negative correlation (r = —0.65,p < 0.05)
between storage duration and microbial loads, suggesting that
prolonged storage may reduce microbial contamination due
to natural die-off but increase heavy metal accumulation
(Reyneke et al., 2016).
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A multiple linear regression model was applied to
predict water quality deterioration as a function of
environmental and storage factors:

WQ =By + PR+ BM + B3H + €
Where:
WQ = Water Quality Index
R = Rainfall intensity (mm/month)
M = Microbial contamination (TVC and TCC counts)
H = Heavy metal concentration (mg/L)
€ = Error term

Results revealed that rainfall and microbial
contamination were the strongest predictors of water quality
deterioration  (R? = 0.79,p < 0.05), reinforcing the
importance of seasonal monitoring and treatment strategies
(Amoah et al., 2019).

» Data Interpretation and Policy Implications

Findings from the data analysis suggest that stored
rainwater quality is highly dynamic, requiring seasonal-based
treatment approaches to ensure safety. Key recommendations
include:

e Improved Filtration and Disinfection - The
implementation of activated carbon filters and UV
sterilization can significantly reduce microbial loads
(Kumar et al., 2019).

https://doi.org/10.5281/zenodo.14928720

e First-Flush Diverters and Pre-Filtration Systems — To
minimize debris and organic matter accumulation in rainy
seasons (Reyneke et al., 2016).

e Regulatory Frameworks for Routine Monitoring —
Establishing government-mandated water quality testing
schedules to ensure safe potable water from rainwater
harvesting systems (WHO, 2021).

The data analysis provided empirical evidence of
seasonal  variations in  the microbiological and
physicochemical quality of stored rainwater, demonstrating
significant correlations between rainfall intensity, storage
duration, and contaminant levels. ANOVA and regression
models confirmed that microbial and heavy metal
contamination peaked during specific seasons, necessitating
targeted treatment interventions and regulatory measures.
Future research should explore low-cost, scalable
biotreatment solutions to enhance rainwater safety in
resource-limited communities.

V. RESULTS AND DISCUSSION

A. Physicochemical Quality of Stored Rainwater Across
Seasons

The results of this study provide critical insights into the
microbiological and physicochemical quality of stored
rainwater across different locations and seasons in Ogbadibo
Local Government Area, Benue State, Nigeria. The data
reveal significant seasonal variations in  microbial
contamination, pH levels, turbidity, and heavy metal
concentrations, highlighting the influence of rainfall
intensity, storage conditions, and environmental exposure on
water quality. Statistical analysis, including one-way
ANOVA and correlation models, further supports these
findings, establishing strong seasonal dependencies in water
contamination levels.
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The Total Viable Count (TVC) and Total Coliform
Count (TCC) exhibited substantial variability across both
storage locations and seasons. The highest TVC levels were
recorded at TBSH (255.54 CFU/mL) and TASH (234.00
CFU/mL), exceeding WHO-recommended microbial safety
limits. The lowest TVC values were observed at TESH
(154.79 CFU/mL) and TDSH (172.88 CFU/mL), suggesting
that certain locations experienced lower microbial loads,
potentially due to better storage conditions or lower
contamination exposure. TCC levels followed a similar trend,
with  OCSH (115.3 MPN/100mL) and OBSH (107.15
MPN/100mL) showing the highest contamination, indicating
significant fecal contamination risks. Seasonal analysis
demonstrated that TVC levels were highest in the dry season
(214.52 CFU/mL), decreased in mid-rain (180.94 CFU/mL),
and increased again at the onset of rain (210.79 CFU/mL).
This trend suggests that microbial activity fluctuates due to
temperature changes, biofilm formation, and nutrient
availability, with higher microbial die-off rates observed in
mid-rain due to increased dilution and oxygenation.

The pH of stored rainwater varied across both locations
and seasons, influencing its suitability for drinking,
agricultural use, and domestic applications. Across locations,
pH values ranged from 8.02 (TDSH) to 8.84 (TASH), with
most locations exceeding the WHO-recommended pH range
of 6.5 — 8.5. This suggests a mildly alkaline nature of stored
rainwater, which could be attributed to leaching from
concrete storage tanks or atmospheric influences. Seasonal
analysis showed extreme fluctuations in pH, with mid-rain
samples recording a significantly high pH of 10.1, while onset
rain samples had the lowest pH at 7.16. This variation
highlights the influence of environmental factors, acid rain
events, and chemical interactions within the storage tanks.

The seasonal influence on  microbiological
contamination was further analyzed through statistical
modeling, with one-way ANOVA results indicating a
significant difference (p < 0.05) in TVC, TCC, and pH
levels across different seasons. Correlation analysis between
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rainfall intensity and microbial loads revealed a strong
positive correlation (r = 0.81,p < 0.01), confirming that
high precipitation contributes to increased turbidity, nutrient
availability, and microbial proliferation. Conversely,
microbial loads showed a negative correlation (r =
—0.65,p < 0.05) with prolonged storage duration,
suggesting that natural die-off and sedimentation effects
reduce bacterial populations over time.

The implications of these findings are significant for
public health and water management strategies. The high
coliform counts and microbial loads in stored rainwater,
particularly during the dry season, underscore the need for
regular disinfection, improved storage hygiene, and
community awareness campaigns. The observed alkaline pH
levels in mid-rain samples raise concerns about potential
chemical leaching from storage materials, necessitating
further investigation into tank composition and water
treatment strategies.

The results confirm that seasonal variations strongly
influence the microbiological and physicochemical properties
of stored rainwater, emphasizing the importance of adaptive
water management practices, routine monitoring, and
targeted treatment interventions to ensure safe and
sustainable water use in rainwater-dependent communities.

B. Microbiological Contamination Trends in Different
Seasons

The physicochemical characteristics of stored rainwater
varied significantly across seasons and locations, influencing
its suitability for consumption and domestic use. The analysis
focused on key parameters such as Total Dissolved Solids
(TDS), Electrical Conductivity (EC), and Turbidity, which
are crucial indicators of water quality. The observed trends
highlight the impact of seasonal variations, storage
conditions, and environmental exposure on rainwater quality,
necessitating appropriate  management and treatment
strategies.
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The Total Dissolved Solids (TDS) and Electrical
Conductivity (EC) values across locations revealed distinct
spatial variations in water mineralization levels. The highest
TDS levels were recorded at TBSH (198.1 mg/L) and TASH
(185.3 mg/L), while the lowest were observed at TESH
(132.8 mg/L) and TDSH (140.2 mg/L). These variations
suggest that certain storage conditions contribute to mineral
leaching or sediment accumulation, impacting the ionic
composition of stored rainwater. EC values followed a similar
pattern, with the highest at TBSH (405.2 uS/cm) and the
lowest at TESH (270.3 uS/cm). These findings indicate that
increased dissolved ions, particularly from roofing materials
and storage tank surfaces, contribute to higher electrical
conductivity.

Seasonally, TDS and EC exhibited a strong dependency
on climatic fluctuations. The highest TDS concentration was
observed in the dry season (178.2 mg/L), declining during
midrain (142.5 mg/L) and increasing again at the onset of rain
(169.8 mg/L). This trend aligns with the evaporation effect
during dry months, leading to higher concentrations of
dissolved solids due to water volume reduction. Conversely,
rainfall dilution in midrain resulted in lower TDS values,
supporting the theory that increased precipitation enhances
water quality by reducing ion concentrations. EC values
followed the same trend, with higher conductivity in the dry
season (398.1 uS/cm) and the lowest in midrain (289.5
puS/cm). These findings reinforce the influence of seasonal
factors on mineralization and ion mobility in stored rainwater.

Turbidity levels displayed significant spatial and
seasonal variations, impacting the aesthetic and microbial
quality of stored water. Across locations, the highest turbidity
levels were recorded at TASH (7.8 NTU) and TBSH (8.4
NTU), exceeding WHO’s permissible limit of 5 NTU for
drinking water. The lowest turbidity was observed at TESH
(3.9 NTU) and OASH (4.5 NTU), indicating better
sedimentation and particle removal efficiency in these tanks.

Seasonally, turbidity was highest at the onset of rain (7.2
NTU), followed by the dry season (6.5 NTU), with the lowest
levels in midrain (3.8 NTU). These fluctuations suggest that
during the onset of rainfall, contaminants from rooftops, dust
particles, and debris contribute to elevated turbidity levels. In
contrast, the midrain period experiences a dilution effect,
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leading to lower particle concentration and improved water
clarity. The higher turbidity in the dry season may be
attributed to longer storage durations, biofilm accumulation,
and sediment resuspension in aging tanks.

Statistical analysis confirmed significant seasonal
differences (p < 0.05) in TDS, EC, and turbidity, reinforcing
the impact of climatic and storage conditions on water quality
deterioration. Pearson correlation analysis between rainfall
intensity and TDS revealed a strong negative correlation (r =
—0.75,p < 0.01), indicating that increased rainfall reduces
dissolved solid concentrations through dilution. Similarly, a
positive correlation (r = 0.67,p < 0.05) was observed
between storage duration and turbidity, supporting the
hypothesis that prolonged storage contributes to sediment
buildup and particulate matter suspension.

The findings underscore the need for improved water
management strategies to mitigate seasonal contamination
risks. Strategies such as regular tank cleaning, installation of
first-flush diverters, and implementation of filtration systems
can significantly enhance water clarity and reduce dissolved
solid concentrations. Additionally, adopting treatment
techniques such as activated carbon filtration and UV
disinfection can further improve rainwater quality for potable
use.

The results highlight strong seasonal dependencies in
the physicochemical properties of stored rainwater,
emphasizing the necessity for adaptive water management
approaches to ensure safe and sustainable rainwater use.

C. Seasonal Effects on Heavy Metal Content

The concentration of heavy metals in stored rainwater is
a significant determinant of water quality and safety for
consumption, as excessive levels of metals such as lead (Pb),
cadmium (Cd), and iron (Fe) pose serious health risks. The
results from this study indicate notable spatial and seasonal
variations in heavy metal contamination, influenced by
factors such as atmospheric deposition, catchment surface
materials, and prolonged water storage. The trends observed
across locations and seasons provide crucial insights into the
potential sources of metal accumulation and the need for
effective treatment strategies.
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The analysis of lead (Pb) concentrations revealed that
TBSH (0.027 mg/L) and TASH (0.024 mg/L) recorded the
highest levels, exceeding the WHO permissible limit of 0.01
mg/L for drinking water. Conversely, the lowest Pb
concentrations were found in TESH (0.011 mg/L) and TDSH
(0.012 mg/L), suggesting that some storage systems
experience lower atmospheric lead deposition or reduced
leaching from structural materials. The high levels at TBSH
and TASH may be attributed to industrial emissions, roofing
materials containing lead-based coatings, or corrosion from
plumbing systems.

Seasonal analysis demonstrated a clear trend in lead
contamination, with the highest concentrations observed in
the dry season (0.023 mg/L), declining during midrain (0.015
mg/L), and increasing again at the onset of rain (0.020 mg/L).
This trend suggests that during dry months, water stagnation
and evaporation intensify metal concentration levels, while in
midrain, increased precipitation dilutes lead content in stored
water. However, at the onset of rain, lead levels rise due to
the first-flush effect, where contaminants accumulated on
rooftops and catchment surfaces are washed into storage
tanks.

Similar trends were observed for cadmium (Cd)
concentrations, with the highest values recorded at TBSH
(0.007 mg/L) and TASH (0.006 mg/L), exceeding the WHO
permissible limit of 0.003 mg/L. The lowest Cd
concentrations were detected at TESH and TDSH (both at
0.002 mg/L), indicating that certain storage environments and
catchment surfaces contribute to lower cadmium
contamination. Seasonally, cadmium levels peaked in the dry
season (0.005 mg/L), dropped during midrain (0.003 mg/L),
and increased slightly at the onset of rain (0.004 mg/L). These
findings suggest that dry season water retention and metal
leaching are primary contributors to cadmium contamination,
with midrain dilution reducing overall levels.

Iron (Fe) concentrations were significantly elevated in
most locations, with the highest levels observed at TBSH
(0.50 mg/L) and TASH (0.46 mg/L). These values exceed the

WHO recommended limit of 0.3 mg/L, indicating potential
sources such as rusting metal tanks, corroded pipes, and
sediment accumulation in rainwater storage systems. The
lowest iron concentrations were recorded at TESH (0.27
mg/L) and TDSH (0.29 mg/L), aligning with locations that
exhibited better water clarity and lower turbidity levels.

Seasonal variation in iron contamination followed a
distinct pattern, with the highest levels recorded in the dry
season (0.44 mg/L), dropping during midrain (0.32 mg/L),
and increasing again at the onset of rain (0.38 mg/L). This
fluctuation suggests that iron leaching from storage materials
intensifies during prolonged storage in the dry season, while
midrain dilution lowers concentrations temporarily. At the
onset of rain, iron particles accumulated from rooftops and
gutters are introduced into the water system, elevating levels
once again.

Statistical analysis using one-way ANOVA confirmed
significant seasonal differences (p < 0.05) in lead, cadmium,
and iron concentrations, reinforcing the impact of climatic
conditions, water retention time, and material compaosition on
heavy metal accumulation. Pearson correlation analysis
revealed a strong positive correlation (r = 0.79,p < 0.01)
between water retention time and heavy metal concentrations,
indicating that prolonged storage increases metal leaching
from tank walls and pipes. Additionally, a negative
correlation (r = —0.70,p < 0.05) between rainfall intensity
and heavy metal levels suggests that precipitation has a
dilution effect on metal concentrations in midrain samples.

The public health implications of these findings are
critical, as elevated lead and cadmium levels in stored
rainwater can result in neurotoxicity, kidney dysfunction, and
long-term developmental impairments. The high iron
concentrations, although not as toxic, can cause aesthetic
issues such as water discoloration, metallic taste, and staining
of household fixtures. Given these risks, implementing
effective water treatment solutions is imperative.
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» Key Recommendations Include:

o Installation of first-flush diverters to prevent initial runoff
contaminants from entering storage tanks.

e Use of activated carbon filtration and ion exchange resins
to reduce heavy metal concentrations.

e Periodic cleaning and maintenance of storage tanks to
minimize metal leaching from corroded surfaces.

¢ Regulatory enforcement for safe catchment materials to
prevent lead and cadmium accumulation from rooftops
and pipes.

In conclusion, the results confirm that stored rainwater
in the study area contains heavy metal contaminants
exceeding WHO safety limits, with significant seasonal
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variations influencing metal accumulation trends. The data
emphasize the need for improved storage management,
regular monitoring, and affordable treatment technologies to
ensure safe water for household use.

D. Comparative Analysis of Water Quality Across Locations

The concentration of nitrate (NOs~) and sulfate (SO4*")
in stored rainwater serves as a key indicator of water pollution
and potential health risks. Elevated levels of these parameters
can result from atmospheric deposition, agricultural runoff,
industrial emissions, and leaching from storage surfaces. The
results from this study reveal significant spatial and seasonal
variations in nitrate and sulfate concentrations, emphasizing
the influence of environmental factors and seasonal rainfall
patterns on stored rainwater quality.
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The nitrate (NOs”) concentrations across locations
varied between 1.7 mg/L (TESH) and 4.1 mg/L (TBSH), with
the highest values recorded at TBSH (4.1 mg/L) and TASH
(3.6 mg/L). These values remain below the WHO permissible
limit of 50 mg/L, indicating relatively safe levels for human
consumption. However, the presence of nitrate in stored
rainwater suggests potential contamination from airborne
pollutants or runoff from nitrogen-rich sources. The lowest
nitrate concentrations were detected at TESH (1.7 mg/L) and
TDSH (1.9 mg/L), indicating less exposure to atmospheric
nitrogen compounds or organic leaching.

Seasonally, nitrate concentrations were highest in the
dry season (3.8 mg/L), decreased during midrain (2.2 mg/L),
and rose again at the onset of rain (3.1 mg/L). This trend
suggests that during the dry season, evaporation intensifies
the concentration of dissolved nitrogen compounds in stored
water, while rainfall dilution in midrain reduces nitrate levels.
The slight increase at the onset of rain is likely due to
atmospheric deposition from vehicle emissions, industrial
activities, and agricultural residues that accumulate on
rooftops and are washed into storage systems during early
rainfall events.

The sulfate (SO+*") concentrations followed a similar
trend, with the highest values observed at TBSH (10.4 mg/L)
and TASH (9.8 mg/L), while the lowest were recorded at
TESH (6.3 mg/L) and TDSH (6.9 mg/L). These levels remain
within WHO’s permissible limit of 250 mg/L, indicating no
immediate risk of sulfate-induced health concerns such as
gastrointestinal irritation. However, high sulfate levels in
stored rainwater suggest potential airborne contamination
from fossil fuel combustion, industrial emissions, and acid
rain deposition.

Seasonal analysis showed that sulfate concentrations
peaked in the dry season (9.6 mg/L), dropped significantly in
midrain (6.8 mg/L), and increased again at the onset of rain
(8.7 mg/L). The high sulfate levels during the dry season may
be attributed to prolonged storage leading to sulfate
accumulation from tank sediments and microbial sulfate
reduction processes. The midrain reduction is consistent with
dilution effects, while the onset of rain increases sulfate
concentrations due to acid deposition from atmospheric sulfur
compounds.

Statistical analysis using one-way ANOVA revealed
significant seasonal differences (p < 0.05) in nitrate and
sulfate concentrations, confirming that climatic factors,
rainfall intensity, and storage duration influence the presence
of these ions in stored rainwater. Pearson correlation analysis
showed a strong positive correlation (r = 0.81,p < 0.01)
between storage duration and sulfate concentrations,
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indicating that longer storage times contribute to sulfate
buildup, potentially due to microbial sulfate reduction and
leaching from storage materials. Additionally, a negative
correlation (r = —0.72,p < 0.05) between rainfall intensity
and sulfate concentrations suggests that higher precipitation
helps dilute sulfate levels in midrain samples.

The public health and environmental implications of
these findings highlight the importance of regular monitoring
of nitrate and sulfate levels to ensure rainwater quality
remains within safe limits. Although the measured
concentrations were below WHO thresholds, long-term
exposure to elevated nitrate levels can cause
methemoglobinemia (blue baby syndrome) in infants, while
sulfate contamination may contribute to water taste
deterioration and gastrointestinal discomfort.

To mitigate these risks, key recommendations include:

Use of sediment filters and ion exchange resins to
reduce nitrate and sulfate levels in stored rainwater.

Implementation of first-flush diverters to prevent the
initial surge of contaminants from rooftops during early
rainfall.

Regular cleaning and maintenance of storage tanks to
prevent sulfate buildup and microbial contamination.

Air quality control measures to reduce atmospheric
deposition of nitrogen and sulfur compounds that contribute
to contamination.

In conclusion, the results demonstrate that stored
rainwater in the study area is influenced by seasonal changes
in nitrate and sulfate concentrations, necessitating proper
management strategies to maintain safe water quality for
consumption and domestic use.

E. Implications for Public Health and Water Management

The concentration of chloride (CI") and alkalinity in
stored rainwater plays a crucial role in determining its
potability, corrosive nature, and overall water quality
stability. Elevated chloride levels can indicate saline
intrusion, atmospheric deposition, or contamination from
industrial and household sources, while alkalinity reflects the
buffering capacity of water, influencing its ability to resist pH
fluctuations. The results from this study reveal notable spatial
and seasonal variations in chloride and alkalinity levels,
underscoring the impact of environmental exposure, storage
conditions, and rainfall patterns on stored rainwater
composition.
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The chloride (Cl) concentrations across locations
ranged from 8.9 mg/L (TESH) to 17.3 mg/L (TBSH), with the
highest values observed at TBSH (17.3 mg/L) and TASH
(15.6 mg/L). These levels remain well below the WHO
permissible limit of 250 mg/L, indicating no immediate
salinity concerns. However, the elevated chloride levels at
TBSH and TASH suggest potential contributions from
atmospheric pollutants, industrial emissions, and airborne sea
spray deposition, particularly in areas with higher exposure to
vehicular and industrial activities. The lowest chloride
concentrations at TESH (8.9 mg/L) and TDSH (9.5 mg/L)
suggest reduced exposure to chloride-rich contaminants or
better natural dilution mechanisms in these storage systems.
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Seasonally, chloride concentrations were highest in the
dry season (16.8 mg/L), reduced during midrain (10.4 mg/L),
and increased again at the onset of rain (13.7 mg/L). This
trend suggests that prolonged storage during the dry season
leads to increased chloride concentration due to evaporation
and leaching effects, while rainfall dilution during midrain
lowers chloride levels. The slight increase at the onset of rain
may be attributed to early rain events washing atmospheric
and rooftop deposits into storage systems.

Alkalinity levels exhibited similar spatial variability,

with the highest values recorded at TBSH (72.4 mg/L) and
TASH (68.1 mg/L), while the lowest were observed at TESH
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(46.9 mg/L) and TDSH (49.3 mg/L). These results indicate
that certain locations experience higher bicarbonate or
carbonate accumulation, possibly due to leaching from
concrete storage tanks, atmospheric deposition, or mineral
content in rainwater. Elevated alkalinity levels suggest higher
buffering capacity, which can help maintain stable pH
conditions, reducing the likelihood of corrosive effects on
storage systems.

Seasonal analysis revealed that alkalinity peaked in the
dry season (70.2 mg/L), dropped significantly during midrain
(48.5 mg/L), and increased again at the onset of rain (62.9
mg/L). The high dry-season alkalinity levels are likely due to
longer retention times in storage tanks, leading to mineral
accumulation. The midrain decline is consistent with dilution
effects from higher rainfall volumes, while the onset of rain
sees an increase due to the introduction of dissolved
atmospheric carbonates and bicarbonates into stored water.

Statistical analysis using one-way ANOVA confirmed
significant seasonal variations (p < 0.05) in chloride and
alkalinity levels, reinforcing the influence of climatic factors
and storage conditions on these parameters. Pearson
correlation analysis revealed a strong positive correlation
(r=0.78,p < 0.01) between storage duration and
alkalinity, suggesting that longer storage times promote
mineral dissolution, increasing alkalinity. Additionally, a
negative correlation (r = —0.70,p < 0.05) between rainfall
intensity and chloride concentration suggests that higher
precipitation helps dilute chloride levels, particularly during
midrain.

The public health and environmental implications of
these findings emphasize the importance of monitoring and
managing chloride and alkalinity levels in stored rainwater.
While the measured values remain within WHO safety
thresholds, long-term exposure to elevated alkalinity may
contribute to scaling issues in water storage systems and
household plumbing, affecting water taste and usability.

» To Enhance Water Quality and Safety, Key
Recommendations Include:

e Regular tank cleaning and sediment removal to prevent
alkalinity buildup.

e Use of non-corrosive storage materials to minimize
chloride leaching from structural components.

e Implementation of simple filtration methods to remove
excess dissolved solids and maintain optimal mineral
balance.

e Air quality control measures to minimize atmospheric
deposition of chloride and bicarbonate compounds.

e The results demonstrate that chloride and alkalinity
concentrations in stored rainwater are influenced by
seasonal and location-specific factors, necessitating
appropriate water management strategies to ensure
sustained water quality for domestic and potable use.
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V. CONCLUSION AND RECOMMENDATIONS

This study provides a comprehensive analysis of the
microbiological and physicochemical quality of stored
rainwater in underground tanks, with a focus on seasonal
variations and their impact on water safety. The findings
revealed significant seasonal and spatial differences in
microbial contamination, turbidity, pH levels, heavy metal
concentrations, and ionic composition, which collectively
influence the potability and usability of stored rainwater.
These results highlight the need for strategic water
management interventions to ensure the safety of public
health.

The microbiological analysis showed that total viable
count (TVC) and total coliform count (TCC) levels exceeded
WHO guidelines in multiple locations, especially during the
dry and onset rainy seasons, indicating persistent microbial
contamination risks. Notably, E. coli was detected in 60% of
water samples during the wet season, underscoring the risk of
fecal contamination. The physicochemical assessment
revealed that pH, turbidity, total dissolved solids (TDS), and
electrical conductivity (EC) fluctuated seasonally, with
higher turbidity and microbial contamination during the onset
of rain, while mineralization and heavy metal accumulation
were more pronounced in the dry season. Heavy metal
concentrations, particularly lead (Pb) and cadmium (Cd),
exceeded WHO limits in some locations, raising concerns
about long-term health risks.

Seasonal variations in water chemistry were also
observed, with chloride, sulfate, nitrate, and alkalinity levels
fluctuating due to rainfall dilution, atmospheric deposition,
and prolonged storage. The dry season was marked by
elevated TDS, EC, and heavy metals, likely caused by
evaporation, biofilm accumulation, and leaching from storage
surfaces. Conversely, the mid-rain season showed reduced
ionic concentrations, highlighting the role of rainfall intensity
in diluting contamination.

Based on these findings, the following
recommendations are proposed to improve the quality of
stored rainwater and reduce contamination risks:

e Implementation of First-Flush Diverters: Install first-flush
diverters in all rainwater harvesting systems to prevent
contaminants from rooftops and gutters from entering
storage tanks. This will help reduce microbial
contamination and heavy metal levels, especially at the
onset of rain.

e Regular Tank Cleaning and Sediment Management:
Enforce periodic cleaning and desilting of underground
storage tanks to remove accumulated sediments, which
contribute to turbidity, microbial growth, and heavy metal
leaching.

¢ Filtration and Disinfection Strategies: Adopt low-cost
filtration systems, such as sand filters, activated carbon,
and ceramic filters, to reduce suspended solids, microbial
loads, and heavy metals. Incorporate chlorination or UV
sterilization techniques to ensure bacteriological safety
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and minimize the risks associated with E. coli and
coliform contamination.

o Material Selection for Storage Infrastructure: Avoid using
lead-containing materials in roofing sheets, plumbing, and
storage tanks to reduce Pb contamination. Use non-
corrosive, chemically stable tank linings to prevent heavy
metal leaching and alkalinity buildup.

e Water Quality Monitoring and Regulatory Frameworks:
Establish routine monitoring programs for rainwater
quality, particularly focusing on heavy metals, microbial
contaminants, and pH stability. Implement government
policies to enforce minimum treatment standards for
stored rainwater used for drinking and domestic purposes.

e Public Awareness and Community Engagement: Launch
awareness campaigns to educate communities on safe
rainwater harvesting practices, storage maintenance, and
proper disinfection techniques. Encourage household-
level interventions, such as boiling water before drinking
or using biofiltration methods, to improve overall water
safety.

This study highlights the impact of seasonal variations
on the quality of stored rainwater and the need for targeted
interventions to ensure its safety for consumption. The
findings emphasize that microbial contamination, heavy
metal accumulation, and fluctuating pH levels pose
significant public health risks. By implementing first-flush
systems, regular maintenance, and affordable filtration
technologies, stored rainwater can become a safer and more
sustainable water source.

The results provide a scientific foundation for policy
recommendations, environmental health interventions, and
community-driven  solutions, ensuring that rainwater
harvesting remains a viable and safe alternative water source,
particularly in water-scarce regions. Future research should
focus on developing advanced treatment technologies, cost-
effective purification methods, and long-term monitoring of
seasonal contamination trends to ensure the ongoing safety
and sustainability of rainwater harvesting systems.

FUTURE RESEARCH DIRECTIONS

This study has provided a comprehensive analysis of the
microbiological and physicochemical quality of stored
rainwater in underground tanks, highlighting seasonal
variations, contamination risks, and potential treatment
strategies. However, further research is required to deepen
our understanding of the long-term sustainability of rainwater
harvesting (RWH) systems, optimize treatment methods, and
address evolving challenges in water quality management.
Future research should focus on technological innovations,
policy frameworks, and advanced modeling techniques to
enhance water safety, accessibility, and regulatory
compliance.

» Advanced Treatment Technologies for Stored Rainwater
While simple filtration and disinfection techniques can

improve water quality, future studies should explore cost-

effective and scalable advanced treatment methods, such as:
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Membrane  filtration  (reverse  osmosis  and
nanofiltration) for removing heavy metals, microbial
contaminants, and dissolved solids.

Electrocoagulation and advanced oxidation processes to
improve water clarity, reduce organic load, and mitigate
chemical contaminants.

Solar disinfection (SODIS) and UV-C irradiation
technologies to develop low-cost, energy-efficient microbial
decontamination solutions for stored rainwater.

» Long-Term Monitoring of Heavy Metal Accumulation and
Biofilm Formation

The seasonal accumulation of lead (Pb), cadmium (Cd),
and iron (Fe) in stored rainwater raises concerns about
chronic exposure and long-term toxicity risks. Future
research should:

Investigate longitudinal trends in heavy metal leaching
from roofing materials, storage tanks, and pipe systems.

Assess the formation and persistence of biofilms in
underground storage tanks, as they can act as reservoirs for
microbial pathogens and heavy metals.

Explore bio-remediation strategies, such as the use of
microbial consortia and biochar filtration, to reduce heavy
metal concentrations in stored rainwater.

» Machine Learning and Predictive Modeling for Water
Quality Forecasting
The development of predictive models using machine
learning (ML) and artificial intelligence (Al) can enhance
water quality forecasting and risk assessment. Future studies
should:

Utilize Al-driven data analytics to predict seasonal
contamination trends based on climatic factors, pollution
sources, and microbial growth patterns.

Implement Internet of Things (1oT)-enabled smart water
quality monitoring systems, integrating real-time sensors for
pH, turbidity, heavy metals, and microbial contamination.

Develop early warning systems to detect and mitigate
contamination events before stored rainwater becomes
hazardous.

> Policy Development and Regulatory Frameworks for
Rainwater Quality Standards
Despite the increasing adoption of rainwater harvesting
systems, there is a lack of universally accepted water quality
standards for stored rainwater. Future research should:

Conduct comparative analyses of international
rainwater quality guidelines (WHO, EPA, EU, and national
frameworks) to establish harmonized regulatory policies.
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Assess the effectiveness of existing RWH policies in
ensuring potable water safety, particularly in low-income and
water-scarce communities.

Develop evidence-based policy recommendations that
integrate scientific findings, community engagement, and
government intervention strategies to promote safe rainwater
use.

» Impact of Climate Change on Rainwater Quality and
Availability
Climate change is expected to influence rainfall
patterns, atmospheric pollution levels, and microbial
contamination risks. Future research should:

Examine the effects of increasing temperature and
extreme weather events on the microbiological and chemical
quality of stored rainwater.

Develop adaptation strategies for climate-resilient
rainwater harvesting, such as enhanced storage designs,
improved treatment methods, and water conservation
practices.

Investigate the potential for integrating RWH with
sustainable urban water management systems, including
green infrastructure, groundwater recharge, and decentralized
water supply networks.

» Community-Driven and Decentralized Water Treatment
Solutions
Effective water management requires community
participation and localized solutions. Future studies should:

Assess the efficacy of decentralized rainwater treatment
units, such as household-scale purification systems and
community-operated filtration plants.

Evaluate the socioeconomic feasibility of rainwater
treatment  technologies, particularly for low-income
households and rural communities.

Explore the role of public-private partnerships (PPPs) in
scaling up affordable and sustainable rainwater treatment
solutions.

Future research in rainwater harvesting and quality
management should focus on technological innovation,
regulatory policies, predictive analytics, and climate
adaptation strategies to ensure safe, reliable, and sustainable
water supply systems. By integrating advanced treatment
methods, machine learning-driven  monitoring, and
community-based solutions, rainwater harvesting can be
transformed into a resilient and scalable water source for
urban and rural populations. Strengthening policy
frameworks and long-term environmental assessments will
further enhance rainwater quality management and
sustainability in a changing climate.
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