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ARTICLE INFO ABSTRACT
Keywords: Ca Mau province, located in the south of the Mekong Delta, is strongly affected by land subsidence and seawater
Groundwater overexploitation intrusion. Overexploitation of groundwater has been highlighted as a significant driving factor for these pro-
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cesses. As groundwater currently plays a crucial role in the local water supply, this study examines the potential
of rainwater as an alternative water source for domestic use to reduce groundwater extraction and contribute to
ensure the safe and sustainable water resource for public use (SDG 6). The present study follows a multi-
disciplinary evaluation of the potential of rain water as an alternative water resource, covering an assessment
of (i) social perception of rainwater usage, (ii) rainwater availability as well as water quality analyses of rain-
water stored under various conditions. For this, a combined survey and sampling campaign throughout Ca Mau
province was conducted in two main phases between 2019 and 2022. The survey includes a questionnaire which
was completed by 473 participants together with in-depth interviews in several selected locations. Comple-
mentary, time series of precipitation were analyzed to determine the potentially available rainwater quantity.
Stored rainwater samples were collected and analyzed according to their quality based on physical parameters,
chemical parameters using ICP-MS and Ion Chromatography with 49 water samples and biological parameters
using the IDEXX Colilert® system and MALDI-TOF-MS with 75 water samples. Based on the results, factors that
could affect the quality of rainwater were examined. The results show that in some rainwater samples, threshold
values of the standards from Vietnamese regulation were exceeded for some parameters, raising the issue of
rainwater treatment before use. The questionnaire revealed that rainwater is considered as a potential water
source which can replace groundwater for domestic purposes by participants. Despite concerns about rainwater
storage during the dry season, public acceptance of using rainwater is generally high. However, the government’s
interest in communicating information about current environmental issues as well as support in guiding rain-
water storage and economic support during the transition process is an issue that people are concerned about.
The results of this study provide new insights to further identify potential pilot sites in Ca Mau for rainwater
harvesting as an alternative to groundwater extraction, as well as to design concepts for optimizing the use of

rainwater.
1. Introduction subsidence is exacerbated by sea level rise and progressive seawater
intrusion into the delta (Bauer et al., 2025). Besides, human activities,
The Mekong Delta, the third largest delta in the world, is facing se- including sand mining and regulation of the Mekong river (reservoirs
vere land subsidence, for which groundwater over-extraction is and dams), cause a substantial decline of sediment supply further
considered the major driver (Minderhoud et al., 2020). The effect of land accelerating land subsidence (Zoccarato et al., 2018). The Vietnamese
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Mekong Delta has the highest population density in the area with 297
inhabitants per km? and is home to around 19.8 million people (Mekong
River Commission , 2019). Accordingly, people’s demand in water in
this area is high. Residents mostly use groundwater for their daily need.
For example, in Can Tho province, people use groundwater for many
activities such as cooking, drinking and even for washing, bathing and
gardening (Danh and Khai, 2015). Similarly, in coastal provinces like Ca
Mau province (CMP), groundwater is the main water source used for all
purposes including washing, gardening, cooking and drinking (Pham
et al., 2023). Because of the high demand, groundwater is extracted
uncontrolled without any planning. Of the total 175,710 wells counted
in 2017, only 248 wells served centralized drinking water production
and only 452 private wells had an abstraction license. The majority of
wells were private wells without any license for operation (Pechstein
et al., 2018). Groundwater extraction rates from small to medium sized
private wells in CMP was around <200 m3/ day (Pechstein et al., 2018).
In 2015, the groundwater extraction required to meet the freshwater
demand was 0.42 million m3/day (Pechstein et al., 2018). Hoan et al.
(Hoan et al., 2022) revaluated that the groundwater exploitation rate in
the Ca Mau Peninsula is approximately 567,364 m®/day, with the
highest abstraction occurring in the upper-middle Pleistocene (qp2_3)
and middle Pliocene (ny?) aquifers. Bauer et al. (Bauer et al., 2022)
indicated that the hydrogeological layers in the Ca Mau Peninsula are
hydraulically connected, suggesting that salinization from seawater
intrusion or other sources, driven by altered aquifer conditions, may
accelerate groundwater degradation. This situation has caused a series
of environment challenges in CMP and residents have to cope to many
issues arising from groundwater extraction. In particular, significant
land subsidence is challenging the low elevated CMP with ongoing
subsidence rates of 2-4 cm/year derived from satellite data evaluation
(Erban et al., 2014; Dorr et al., 2024) and from on-site measurements
(Karlsrud et al., 2017; Dorr et al., 2023). The deep aquifers, which are
used most frequently for groundwater extraction, have a low land
rebound potential and therefore an insignificant subsidence mitigation
potential (Dorr et al., 2025). Groundwater resources are significantly
impacted by climate change and hydrological variables (Bui et al.,
2017). To ensure sustainable groundwater development, groundwater
abstraction should be limited, and groundwater quality should be
improved through additional artificial recharge measures (Bui et al.,
2017).

In addition, current research shows that groundwater quality in large
parts of the Mekong Delta lowland is unsuitable for drinking and irri-
gation and may lead to long-term non-carcinogenic health effects (Tran
et al., 2021). The use of pesticides has led to large-scale problems of
surface water contamination, which also has spread to other water
sources such as groundwater (Chau et al., 2015). Moreover, specific land
use can affect the salinity of shallow aquifers (Hoan et al., 2025). In the
rural areas of the Mekong Delta, shallow groundwater is commonly
utilized as a drinking water source to replace contaminated surface
water (Buschmann et al., 2008). Analysis of several water samples
revealed that arsenic and manganese concentrations exceeded the World
Health Organization (WHO) guideline values in some areas of the
Mekong Delta, potentially leading to chronic poisoning and posing sig-
nificant risks to human health (Buschmann et al., 2008). There is the
possibility that groundwater quality of private tube-wells built before
1975 was better than that of groundwater wells which were recently
built (Danh and Khai, 2015). In the context of groundwater
over-extraction and the decrease of groundwater quality (Erban et al.,
2014; Buschmann et al., 2008), the identification of potential alternative
water sources is of great relevance for the study area.

In this study, rainwater is considered as a potential substitute for
domestic purposes, which was demonstrated in previous studies
worldwide. Rainwater harvesting is practiced in other parts of Southeast
Asia and is considered a potential option for local residents, depending
on its availability (Ozdemir et al., 2011). Rainwater utilization has long
history as a drinking water source in rural areas of Vietnam. It is
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considered a good-quality source of drinking water that is both cost- and
energy-efficient (Nguyen et al., 2019). Rainwater harvesting is consid-
ered a suitable approach for freshwater supply and management and
has, for example, been increasingly adopted across Europe (Wartalska
et al., 2024). However, based on the financial situation and specific
social characteristics in CMP, the utilization of rainwater for domestic
purpose as well as people acceptance need further investigation. Char-
acteristics of household’s head (including age, sex, education status and
time of settlement) are important factors impacting to their probability
of changing the water source (Danh and Khai, 2015). The objective of
this study is to assess current rainwater use practices in CMP and to
evaluate whether rainwater could serve as an alternative water source to
reduce groundwater extraction.

2. Methodology
2.1. Study area

This research was conducted in CMP, the southernmost province in
Vietnam. The area covers around 5270 km? (General Statistics Office,
2023). CMP has three sides bordering the sea and a dense network of
canals connected to the ocean through major river mouths. The eleva-
tion is below 0.8 m in 2018 (Minderhoud et al., 2019), with limited
freshwater inflow from upstream, resulting in widespread salinization
across much of the region (Ca Mau, 2018).

Please note that this work uses the pre-2025 provincial terminology
and administrative boundaries, as provinces were substantially
restructured in 2025. There are nine districts in CMP with a total pop-
ulation of around 1.2 million people (General Statistics Office, 2022).
According to the Statistics Office (General Statistics Office, 2023), the
average population density in CMP is 229 persons/km?. The ratio of
male and female is 104.5 male/100 female. The population in urban
areas is 275,812 people which accounts for 22.8 % of the total popu-
lation, compared with the population in rural area where 931,766
people live which equals a share of 77.2 %. The main occupation of CMP
residents is high and mid - level professionals, clerks, personal services,
workers, sale workers, skilled agricultural, forestry and fishery workers
or have unskilled occupations (General Statistics Office, 2023).

Under the effect of the tropical monsoon climate, CMP has two
distinct seasons, which are the dry season and the rainy season. Signif-
icant rainfall mainly occurs in the rainy season from May to November
with the total amount of 2413.4 mm, while the dry season lasts from
December to April with relatively little amount of precipitation with
505.1 mm in 2022 (General Statistics Office, 2023). The water demand
is extremely high even though the water sources are limited. The current
freshwater supply sources in CMP are groundwater, tap water and
bottled water (produced mainly from groundwater) and rain water
(Pham et al., 2023; Vinh et al., 2024). However, given that tap water
(water distributed by water supply station) is not available for the whole
area, some people do not really have the opportunity to use this water
source and tap water is originated from groundwater after treatment in
some places (Pham et al., 2023). Surface water is not used due to high
salinity and pollution resulting from land use practices, particularly
extensive shrimp farming and wastewater (Van Muoi et al., 2022).

2.2. Questionnaire collection and analysis

In order to assess the acceptance of using rain water as an alternative
water resource, two surveys in two main phases between 2019 and 2022
were conducted. Questionnaires were collected during the face-to-face
interviews between the corresponding author, instructors and sur-
veyed households in different locations in CMP. The questionnaire was
first introduced in 2019 and revised in subsequent versions in 2021 and
2022 based on the initial interview results. For the first survey cam-
paigns in 2019 and 2020, questionnaires were deployed across all nine
districts in CMP with the content focusing on the importance of



V.C. Pham et al.

groundwater, the potential of available water sources and people's
awareness of land subsidence. 144 questionnaires were implemented
together with the collection of groundwater samples at the same loca-
tion, providing an initial comprehensive overview of the study area
(Pham et al., 2023). Afterwards, in 2021 and 2022, subsequent surveys
were conducted based on the results of the first campaigns. During this
period, 329 participants were interviewed in eight districts of CMP,
resulting in a total number of interview participants to 473. To ensure
the representativeness, the Yamane’s formula for calculating sample size
was applied (Yamane, 1973; Ahmed, 2024):

N
n=——
1+ N(e)

N: population e: standard deviation n: number of samples to reach the
level of representativeness

Based on the information provided by the general statistics office
(General Statistics Office 2022), the number of samples needed for
representativeness is around 400.

Thus, the number of interview participants during field trips meets
the conditions to represent the region. During the second field trip, the
number of questions in the questionnaire was increased to 62 questions
in order to capture people’s opinion in greater detail by broadening the
research topics addressed. The questionnaire consisted of six parts,
including general information of respondents, importance of ground-
water, importance of water supply, potential use of rainwater, potential
use of surface water and people’s awareness about the problem of land
subsidence in CMP. This study focuses on the information gathered that
is related to the potential for using rainwater for households, especially
in exchange to using groundwater. The questions with regard to satis-
faction with using other water sources instead of groundwater and
people’s self - evaluation of rain water quality were evaluated in this
study. The answer options were divided into five levels (Likert scale)
with the level of satisfaction gradually increasing from 1 (people don't
want to replace groundwater under any circumstances) to 5 (people are
highly motivated to substitute groundwater or are already doing so).
Respondent’s perceptions of rainwater quality were categorized into five
levels, ranging from level 1 (lowest quality) to level 5 (highest quality).
After completing the questionnaire, the interviewer as well as the author
of this study had an in-depth discussion about the reason behind the
answers, therefore this study provides also information on the related
context of people’s opinions.

In parallel with the questionnaire, 49 stored rainwater samples were
collected randomly at the interview locations to evaluate the people's
opinions of using rain water together with the quality of rainwater at the
current locations as well as figure out a relationship between usage
habits and people's assessment of rainwater quality in term of physico-
chemical parameters. Moreover, for collected rainwater, hygiene issues
are very important when people use it for drinking purposes. Therefore,
the number of samples collected to evaluate the microbiological quality
was even higher (74 samples).

Similar with the methodology used in the previous study (Pham
et al., 2023), the survey and questionnaires were evaluated with regard
to various aspects including quantitative and qualitative assessments.
For the quantitative approach, answers to questions related to quantity
such as the number of people using water in the household, the
maximum amount of rainwater stored in the household, etc. were sta-
tistically evaluated. For the qualitative approach, answers related to
people's subjective perception are mentioned, for example the purpose
of water use, the level of people’s interest for different water sources as
well as the level of people's satisfaction with changing water sources,
etc. The multi-dimensional approach allows the authors to capture the
different points of view of the interview participants, as well as the
overall context.

The primary data set from the 2019 and 2020 survey provided
general information and an overview of the research area, leading to the
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selection of focused locations for the next survey. Based on the initial
results with data analysis from general to in-depth details in 2019,
together with people’s opinion, groundwater quality in the southern of
CMP was getting salinized. Tapwater was distributed by centralized
water stations and supplied for households in southern area. It’s a reason
why the next surveys were only focused on the northern and central of
CMP. The distribution of survey questionnaires is shown in Fig. 1. The
questions dug deeper into the potential of each type of water, current
usage status and people's opinion for each option.

2.3. Water sample collection and analysis

2.3.1. Water sampling and chemical analysis

In this study, rainwater samples were collected from selected
households participating in the survey. Rainwater was collected directly
at the respective water storage vessels and tanks of the households
participating in the survey. Physicochemical parameters, such as pH,
electrical conductivity (EC) and temperature were measured onsite
using a portable multi parameter meter (WTW Multi 3630 IDS). In
addition, the rainwater samples were taken and preserved for chemical
analysis in the laboratory. The procedure of sample collection and
preservation was similar to the way described in our previous publica-
tions for groundwater samples (Pham et al., 2023; Bauer et al., 2022).
For cation analysis, 50 pL of high purity nitric acid was added to the
samples to prevent metal precipitation (W. E. APHA AWWA, 2005),
while for anion analysis, 50 pL of sodium azide was added to prevent
microbial growth (Vanderford et al., 2011). Cations were analyzed using
ICP-MS (Thermo Fisher X-Series 2 and ICap RQ) and anions with Ion
Chromatography (Dionex ICS-1000 with column IonPac As Supressor
ERS 500 and Methrom Compact IC 930 with column Metrosep A Supp
5-150) at the Laboratory for Environmental and Raw Material Analysis
at the Institute of Applied Geosciences at the Karlsruhe Institute of
Technology (Bauer et al., 2022).

Following the analysis, the rainwater quality was compared with the
National Technical Regulation on Domestic Water Quality QCVN 01-1/
2018 BYT (the regulation was applied for domestic water quality and
people used it as standard when this research was carried out) and the
newest updated version QCVN 01-1/2024. In the updated version of
2024, the threshold of some parameters have been adjusted. Of the
parameters mentioned in the National Technical Regulation on Do-
mestic Water Quality QCVN 01- 1/2018 BYT and QCVN 01-1/2024
BYT, the following parameters were used in this study: pH, EC, NHZ, Cr,
As, Cd, Sb, Pb, Al, Mn, Zn, B, Fe, Ba, Na, Ca, Cl, SO?{. The parameters are
characterized by the fact that humans can recognize abnormalities when
water concentrations exceed certain thresholds (WHO, 2022). For
instance, at levels above 5 mg/L, cooper (Cu) can impact color of the
water and cause undesired bitter taste. At levels above 0.3 mg/L, iron
(Fe) can stain laundry and sanitary fixtures. At levels above 0.02 mg/L,
manganese (Mn) can form insoluble manganese oxides in water supplies
and may cause discolored water and staining like iron (Fe). When con-
centrations of zinc (Zn) exceed 3-5 mg/L, it may cause a greasy film
when water is boiled. In addition, sulfate can cause noticeable taste.
Taste thresholds range from 250 mg/L for sodium sulfate and 1000 mg/L
for calcium sulfate (WHO, 2022). Statistical evaluation, data processing
and visualization were performed with Origin 2022b software.

2.3.2. Water sampling and micro-biological analysis

Samples were collected in sterilized 50 mL plastic bottles (VWR In-
ternational GmbH, Darmstadt, Germany) and stored cooled (4 °C) until
shipment. After completion of the sampling campaign, all samples were
transported under cooled conditions to Germany and subsequently
analyzed at the TZW German Water Centre Laboratory. Rainwater
storage samples were analyzed for Escherichia coli, coliform bacteria and
enterococci. Enumeration of E. coli and total coliform bacteria was
performed using the IDEXX Colilert® system (IDEXX Laboratories, Inc.,
Westbrook, ME, USA) according to the manufacturer’s instructions.
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Enterococci were quantified using the IDEXX Enterolert® system
(IDEXX Laboratories, Inc., Westbrook, ME, USA). For confirmation and
further identification, up to 15 wells per sample were picked with sterile
tips and analyzed using MALDI-TOF-MS (Microflex LT, Bruker Daltonics
GmbH, Bremen, Germany) as described previously (Reitter et al., 2021).
Relative species frequencies were obtained by normalizing species
counts to the total number of identified isolates. Statistical evaluations
were performed using Python 3.11. The Kruskal-Wallis test (scipy.stats.
kruskal) was used to assess differences in microbial concentrations
across roof types, and chi-squared tests (scipy.stats.chi2_contingency)
were applied to evaluate species composition and detection frequencies.
Data processing and visualization were conducted using pandas
(v2.2.2), numpy (v1.26.4), matplotlib (v3.9.1), and seaborn (v0.13.2).

3. Results

3.1. Current state of rainwater storage in Ca Mau and people’s habit in
using rainwater

It was found that people use different ways to store rain water and
use rain water for different purposes. The containers for storing rain-
water of the majority of people interviewed in 2019 were mainly
ceramic tanks with covers (with 52.8 % of respondents). Besides, 21.5 %
of respondents used plastic tanks and 11.8 % people used concrete tanks.
Only 3.5 % of people did not use any covers when storing rainwater in
ceramic tanks and 20.1 % of people participating in the survey used
rainwater directly without long term storage. They took rainwater that
is collected in a small basin after heavy rain (Fig. 2). In addition, the
survey results provide insights into the role of rainwater in people's lives.
People use rainwater for multi-purposes. 72.9 % of people participating
in the survey use rainwater for drinking, while 56.3 % of people utilize
rainwater for cooking. Only 6.3 % of people use rainwater for cleaning
and washing purposes (Fig. 3).

From this initial information about the potential of using rainwater,
the second survey was conducted and focused on rural areas of 8
northern districts in CMP (Fig. 1). A total of 329 people participated in
the survey, of which 62.0 % of respondents were men and 38.0 % were
women. Respondents' ages range from 19 to 85 years, with the average
age of survey participants being 47 years. The occupations of the
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Fig. 2. Types of devices used for rainwater storage in CMP (data from field trip
in 2019, n = 144).
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interviewees were very diverse. Because the research area is concen-
trated in rural areas, the majority of people working as farmers account
for 53.5 %, followed by small household businesses (grocery shop, car
washes etc.) with 22.8 %. The remaining people are carrying out oc-
cupations such as officers with 12.2 %, or are workers with 5.8 %,
housewives with 3.0 %, retired with 1.8 % and unemployed person with
rates of 0.3 %. Similar to the information from 2019, people in CMP
usually have more than one source of income (Pham et al., 2023). Based
on 329 interviews, the average household income is around 9 million
VND per month (around 341 USD per month). In 2021, 53.2 % of in-
terviewees use plastic tanks to store rainwater, while 48 % of people use
ceramic tanks with cover (Fig. 4). 64.7 % of respondents use rainwater
for drinking purposes, while 52.6 % and 59.6 % of respondents use
rainwater also for both washing and cooking purposes (Fig. 5).
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Fig. 4. Types of devices used for rainwater storage in CMP (data from field trip
in 2021, n = 329).
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After determining the changes of rainwater storage habits and
rainwater using purposes in the 2021 survey, information surrounding
the state of using rain water was further investigated. The capacity of
storing rainwater depends on the available storage facilities at their
home. With the responses from 329 households, the current average
amount of rainwater stored by each of them is around 2.5 m? per year.
Rain water is mainly collected via roof systems with 98.3 % of the people
who answered the questionnaire. Rainwater has been used for a long
time and based on people's experience, rainwater is collected from the
roof only after discharging the first few rains of the season. According to
information from discussion with households, the first rainwater of the
season is not collected but used to clean the roof from dirt and impu-
rities. After that, rainwater is collected through pipe systems in tanks. In
many households, different roof materials are used in house construc-
tions. Regarding the results obtained from the latest survey in 2021/
2022, before using, most people use different measures to treat and
improve water quality such as settling, filtering through cloth, boiling
and using filtration systems (Table 1).

57.9 % households who do not treat rainwater use this source
exclusively for washing and gardening purposes. 71.1 % of those who do
not apply any forms of treatment for rainwater refrain from using
rainwater for drinking. For the group of household who use common and
cost-effective treatment such as settling, filtration via cloth or boiling,
89.5 % people utilize treated rainwater for cooking and direct con-
sumption. Furthermore, 100 % of respondents who apply filtration
systems consume rainwater for both cooking and drinking purpose while
90 % of this group use treated rainwater specifically for drinking
purpose.

Table 1
Rainwater treatment options used in Ca Mau province. results compiled in the
survey in 2021/2022.

Rainwater treatment methods Percentage of households using this treatment

No treatment 11.6 %
Settling 55.3 %
Basic filtration via cloth 41.3 %
Boiling 44.4 %
Mini filtration system 3.7 %
Other treatment 0.9 %
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3.2. Evaluation of collected rainwater quality

3.2.1. Chemical quality of rainwater

Collected rainwater samples were analyzed, objective parameters
like legal regulations (the Vietnamese regulation QCVN 01-1:2018/BYT
and QCVN 01-1:2024/BYT) on domestic water quality standards
(Table 2) have to be used for quality evaluation.

According to the results shown in Table 2, most parameters are
below the thresholds of QCVN 01-1:2018 and QCVN 01-1:2024.
Overall, inorganic quality of rainwater is therefore appropriate for
drinking water or other domestic use. However, there are three pa-
rameters whose values partially exceed the allowable thresholds in
QCVN 01-1:2018, which are pH, nitrate and aluminum (Al) (Fig. 6).
With the new updated regulation in 2024, the threshold of Nitrate is
higher, for this reason, some samples which had exceeded the threshold
in 2018, have become acceptable in 2024. Measured aluminum (Al)
concentrations however exceed the allowable thresholds in both
regulations.

In total 49 rainwater samples were analyzed, including 10 samples
harvested from asbestos tiles/fibre-cement roofs, 37 samples from
galvanized steel sheet roof systems and 2 samples from thatch roofs. This
categorization reveals that samples exceeding the QCVN standard in
2024 for Al is in the group representing samples harvested from the
galvanized steel sheet roof (Fig. 7). For further investigation, values of Al
were statistically evaluated to figure out the connection with roof type
category. The Kruskal-Wallis test is applied, results (p = 0.33 > 0.05)
showing that there are no statistically significant differences between
three different types of roof. Regarding the impact of the storage tech-
nique, it could also be demonstrated that collected rainwater samples
from the ceramic tank with a cover and plastic tank currently exceed the
standard of aluminum concentration of some samples (Fig. 7). However,
a similar statistically equation was applied to Al concentration values in
different water storage category. The Kruskal-Wallis test was imple-
mented and resulted in p = 0.62,781 > 0.05. Thus, there is no significant
difference between different water storage tanks (ceramic tank without
cover, ceramic tank with cover, plastic tank and concrete tank).

3.2.2. Microbiological quality of rainwater

Together with the chemical parameters listed in chapter 3.2.1,
microbiological contaminants are crucial parameters regarding water
quality. Indicator organisms such as E. coli, enterococci, and coliform
bacteria express possible contamination and the potential presence of
pathogenic microorganisms (WHO, 2022). Threshold values for these
microbial indicators are specified in Vietnamese national regulations
(2018 and 2024) for domestic water, covering drinking, cooking and
hygiene purposes Table 3.

Coliform bacteria showed the highest concentrations among the
analyzed indicators, with maximum values up to around 5 x 10° MPN/
100 mL and a mean of approximately 3 x 10* MPN/100 mL, with a
detection rate of 75 % (Fig. 8). Enterococci were detected less
frequently, with maximum counts of 9 x 10> MPN/100 mL and a posi-
tive rate of 43 %. In contrast, E. coli was rarely detected (7 % of samples),
likely due to the prolonged storage (up to 14 days at 4 °C) and transport
to Germany before analysis. E. coli is commonly used as a short-term
indicator of recent fecal contamination (WHO, 2022) and microbiolog-
ical water samples should ideally be analyzed within 24 h to avoid un-
derestimation of indicator bacteria (Canada, 2024). To improve the
precision of E. coli measurements and avoid die-off effects, we recom-
mend on-site microbiological testing within 24 h in Vietnam; however,
this was not logistically feasible in our study.

When comparing samples from different roof materials, microbial
concentrations exhibited high variability and no consistent trend indi-
cating differences between roof types was observed. This was confirmed
by Kruskal-Wallis test results (p > 0.05), indicating no statistically
significant differences among roof categories (Fig. 8). An analogous
analysis across storage types (ceramic tank with cover/without cover,
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Table 2
Comparison of rain water quality with threshold values that are compiled in the Vietnamese regulations QCVN 01-1:2018 and QCVN 01-1:2024.
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Parameter (unit) Unit Concentration QCVN 01-1:2018/BYT QCVN 01-1:2024/BYT
Min Max Median SD
pH 4.7 9.1 7 0.99 6-8.5 6-8.5
As ug/L 0.06 1.46 0.24 0.28 10 10
B ug/L 1.10 54.1 10.4 10.9 300 2400
Sb ng/L 0.04 0.38 0.05 0.08 20 20
Ba ug/L 0.35 66.0 3.24 13.1 700 1300
Ccd ug/L 0.002 2.17 0.01 0.33 3 3
Pb ng/L 0.01 2.31 0.08 0.35 10 10
cr mg/L 0.45 17.1 3.26 3.76 250 (300) 250 (300)
Cr ug/L 0.04 3.87 0.27 0.64 50 50
Cu ug/L 0.11 4.53 0.64 1.06 1000 1000
Ca mg/L 0.18 36.0 3.48 7.83 120 120
F mg/L 0.01 0.05 0.02 0.01 1.5 1.5
Zn ug/L 5.10 905 67.3 252 2000 2000
Mn ug/L 0.18 27.3 2.01 4.79 100 100
Na mg/L 0.29 23.94 1.72 5.14 200 200
Al ug/L 1.81 387 27.4 74.6 200 200
Ni mg/L 0.07 1.75 0.21 0.42 70 70
NO3 mg/L 0.18 7.17 1.4 1.42 2 11
Fe ug/L 1.33 47.6 5.76 7.12 300 300
S0% mg/L 0.28 13.3 1.34 3.16 250 250
N QOVN 01.1:2024BYT . __comououer o] .
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Fig. 6. Concentrations and distribution of water parameters in samples that are partially above the thresholds of QCVN 01-1:2018/BYT and QCVN 01-1:2024/BYT.
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Fig. 7. Concentration and distribution of the parameters aluminum, nitrate in samples representing different roof materials and water storage techniques.

plastic, concrete) likewise yielded no statistically significant differences
in concentrations of coliforms, or enterococci after multiple-testing
correction (Kruskal-Wallis, p > 0.05 for all pairwise comparisons). For
E. coli, a Kruskal-Wallis comparison yielded a nominally significant
p-value (p = 0.02) (Fig. 9). However, this result is not considered
interpretable, as almost all groups consisted exclusively of non-detects.
In a more detailed analysis, all storage-type and roof-material groups
were jointly evaluated, yielding similar results without significant dif-
ferences (Fig. S1 in supplementary material).

MALDI-TOF-MS analysis identified various coliform species (Fig. 10)
in rainwater tanks, with Enterobacter cloacae and Klebsiella pneumoniae
dominating across roof types. Additional species such as Serratia mar-
cescens and Citrobacter freundii occurred only in samples from metal
roofs. The two samples from thatched roofs contained exclusively
Enterobacter asburiae. However, this finding remains exploratory due to
the very small sample size.

Statistical analysis revealed no significant differences in species
composition between roof types after correction for multiple testing.
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Table 3

Comparison of microbiological water quality standards for different uses ac-
cording to Vietnamese QCVN regulations. “Not specified” indicates that no
explicit limit is provided in the respective guideline.

Parameter Positive rate,mean, QCVN QCVN 01-1:2024/
min, max 01-1:2018/BYT BYT
E. coli 7 % < 1 CFU/100 mL <1 CFU/100 mL
9 MPN/100 mL (must not be
5-15.5 MPN/100 mL detectable)
Total 75 % < 3 CFU/100 mL < 1 CFU/100 mL
Coliforms 30.000 MPN/100
mL
5-500.000 MPN/100
mL
Enterococci 43 % Not specified Not specified
250 MPN/100 mL
15-940 MPN/100
mL

Although the overall chi-squared test (p = 0.0127) suggested potential
variation, small group sizes limit the interpretability of this result. Thus,
no robust association between roof material and microbial profile could
be established. The detected species point to general environmental
contamination rather than clear fecal pollution.

A weak, non-significant correlation between enterococci and coli-
form counts (Pearson r = 0.46, p = 0.076) suggests a possible trend, but
high variability and limited sample size prevent firm conclusions.
Notably, coliform species composition differed significantly between
samples with and without enterococci (Chi? = 32.42, p = 0.020), though
the practical relevance of these differences appears limited.

In addition to the roof-type comparison, we evaluated MALDI-TOF-
MS species profiles across storage types (Fig. 11). A chi-squared test
on the full species-by-storage contingency table indicated statistically
significant differences (p < 0.001). However, we caution against causal
interpretation: multiple isolates originated from the same tank (non-
independence), colony picking introduces stochasticity in MALDI-TOF
profiling, and storage type co-varies with unmeasured factors (e.g.,
tank age, cleaning frequency, shading, inflow characteristics). Consis-
tent with this, fecal indicator bacteria (E. coli, coliforms, enterococci)
did not differ significantly across storage types. We therefore report the
statistical result but refrain from inferring a storage-type-specific mi-
crobial signature.
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3.3. Perceptions of people about rainwater

The survey campaigns conducted in CMP also included questions
about people's needs and their perception of water usage. In terms of
quality of stored rainwater, 55.0 % of the participants think that rain-
water quality is at the highest level (Fig. 12). Only 1.8 % and 4.0 % of the
participants think that rainwater has a poor quality with scores 1 and 2.
Similar results were obtained when people were asked how satisfied
they are with using rainwater as an alternative to groundwater. 18.8 %
and 31.3 % of respondents have the highest level of satisfaction at levels
4 and 5 in this regard, respectively. Those who do not feel satisfied if
they completely used rainwater to replace groundwater (level 1 and 2)
accounted for 17.6 % and 14.3 %. Furthermore, Kruskal-Wallis test were
applied to evaluate the effect of roof material and water storage on
people’s perceptions of water quality. The test result (p = 0.65 for roof
material and p = 0.45 for water storage, > 0.05) indicates that no sig-
nificant differences were detected in Likert- scale ratings of perceived
water quality across different roof material and water storage tank.
These findings suggest that, within the current sample size, roof material
and water storage tank are not a statistically significant factors
impacting on the people’s perception of rainwater quality.

To delve deeper into people's thoughts about the quality of different
water sources, they were asked to choose their favorite type of water.
Among available water sources, rainwater is the most popular choice,
with 41.0 % of the participants selecting this option, followed by bottled
water with 33.7 % (Fig. 13). Although it is considered the best water
source in people's opinion, people have their own reasons for not using
rainwater for all purposes. 58.7 % of people think they do not have
sufficient rainwater, 36.2 % of the participants think that rainwater
supply is not reliable all year around, particularly during the dry season
(Fig. 14).

Moreover, according to the results of the field trip in 2019, 61.1 % of
respondents said that rainwater was the best quality water source (Pham
et al., 2023). Two years later, in the context of the world facing to the
Covid 19 epidemic, people changed their assessment of the quality of
rainwater. After having a more in-depth interview with the people, they
shared rumors saying that the Covid 19 virus can spread through the air
and enter into rainwater. There were additional rumors that the disposal
of human remains during the Covid 19 epidemic could create dust
entering the air and rainwater, causing water pollution. From these
rumors, a part of people began to form prejudices against the use of
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Relative abundance of most frequent MALDI-TOF-MS identified coliforms
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Fig. 10. Relative abundance of coliform bacterial species identified via MALDI-TOF-MS in rainwater samples collected from three roof types. For each group, the
number of positive and total samples as well as the total number of identified bacteria is given.

rainwater.

4. Discussion
4.1. Potential of rainwater quantity

Based on time series data from the Integrated Surface Dataset pub-
lished by the National Oceanic and Atmospheric Administration
(NOAA), Fig. 15 shows the changes in the amount of rainwater in both
seasons in CMP from the years 1990 to 2021. The dataset highlights the
significant difference between the dry season and rainy season. In 2022,
total precipitation was 2919 mm, which, taking into account the area of
CMP (5274.5 kmz; (General Statistics Office, 2023)), corresponds to a
water volume of around 15.4 billion m3.

The population in CMP in 2022 is 1207,578 people with 275,812
people living in urban area and 931,766 people living in rural area
(General Statistics Office, 2022). According to Vietnam Regulation
TCXD-VN33:2006/BXD, water demand of people living in rural area is
around 40 to 60 liters/person/day, the demand in urban areas consid-
erably higher with around 80 to 150 liters/person/day. The total water
demand of residents in the CMP is around 78,306 mg/day, with 31,718

m3/d consumed in urban areas and 46,588 m>/d in rural areas. In one
year, the total amount of water that people need for domestic use is
therefore around 28.6 million m®. This calculation indicates, that, if
collected and stored efficiently, rainwater could cover people’s water
demand in CMP.

In addition, Vinh et al. (2024) evaluated potential water availability
using a water balance equation under four different scenarios with
varying conditions in CMP, including roof catchment area, storage tank
capacity requirements, essential domestic water demand during the dry
season, and integration with groundwater resources. This study
confirmed that the existing roof catchment area is sufficient to meet
domestic water demand; however, storage tank capacity must be
increased, particularly to ensure water supply during the dry season.
Additionally, under the scenario integrating rainwater harvesting with
groundwater use, rainwater was able to supply 48 % of domestic water
demand, while the extracted groundwater could be effectively
recharged by the excess rainwater discharged (Vinh et al., 2024).

4.2. Change in rainwater storage habit for more effective usage

Based on the results from chapter 3.1 and 3.3, it can be concluded
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Fig. 11. Relative abundance of coliform bacterial species identified via MALDI-TOF-MS in rainwater samples grouped by storage types. For each group, the number
of positive and total samples as well as the total number of identified bacteria is given.
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Fig. 12. Household’s opinion of rain water quality (green column) and their
level of acceptance to use rainwater as a substitute for groundwater
(blue column).

that CMP residents consider the quality and taste of rainwater to be
appropriate, which is why they prefer using it for high-quality purposes
such as drinking. In previous studies, direct rainwater quality in the
Mekong delta was evaluated as high, with no signs of air pollution and
rain quality meets Vietnam National Standard QCVN 02:2009/BYT for
most of the parameters (Thu Ha and Hoang, 2014). Most people
perceived rain water to be clean, which is why they often use it without
further treatment after harvesting. In addition, rainwater quantity
stored in vessels and tanks is insufficient for high-consumption purposes
such as cleaning and washing. Another study conducted in Tra Vinh
province (located in the Mekong Delta) also indicated that rainwater
was highly valued for its better taste and its availability during the rainy
season. People in Tra Vinh province did not have sufficient containers to
collect and store rainwater for use during the dry season (Li et al., 2016).
With current storage capacity in Ca Mau, rainwater could not meet the
people’s demand in the dry season to reduce the groundwater extraction
(Vinh et al., 2024).

According to the results of the second survey, rainwater using
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Fig. 13. Best water source in household’s opinions.

purposes and rainwater storage equipment changed significantly
compared to the result from the first survey in 2019 (Figs. 2,3,4,5). Most
obvious is that the number of people using large plastic tanks to store
rainwater has clearly increased within two years. Some people use
several ways to store rainwater to increase the amount of rainwater.
Ceramic tanks were the most commonly utilized and convenient means
of rainwater storage in 2019; they were typically covered to maintain
water hygiene and to prevent contamination from dust and insects.
Plastic tanks with higher quality become currently more popular which
also implies that people have invested a certain amount of money in
their rainwater storage system. Furthermore, when people have the
ability to store more rainwater, their usage purposes also change. Based
on the results from Table 1 and the detailed information about water
treatment and water use in chapter 3.1, some households use multiple
options to treat rainwater before consuming rainwater. The method of
treatment depends on the intended use and the economic conditions of
households.
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Fig. 14. Reasons why people think rainwater is not suitable for all domes-
tic purposes.

4.3. Potential of rainwater as an alternative to mitigate the impact of
groundwater over-extraction

Based on the previous discussion from chapter 4.1, the amount of
rainwater can completely serve the water needs of people in Ca Mau,
and the Mekong Delta in general. In addition, the study of Vinh et al.
(Vinh et al., 2024) also gave similar results on the potential of rainwater
in meeting the needs of people based on data from 10 rainwater moni-
toring stations. According to the assessment of the long term rainfall
trend in 2025, the Ca Mau station recorded the highest average annual
rainfall in the Mekong Delta of Vietnam (Vuong et al., 2025). However,
due to the impacts of climate change, the annual rainfall has shown a
decreasing trend. Therefore, it is necessary to implement integrated
water resource management and climate adaptation measures to ensure
sustainable water use (Vuong et al., 2025).

These results from chapter 3.2 raise the question of why some pa-
rameters exceed the limitations. In general, the regular rainwater
collection system includes the roofs, pipe systems and storage tanks.
When rainwater is harvested, the quality of rain water is affected by roof
materials (Olaoye and R.A, 2019). Roof material properties can be one
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important factor which leads to nonpoint water pollution (Chang et al.,
2004). There are three popular roof types including concrete/asbestos
tiles, thatch and galvanized metal sheet (Wilbers et al., 2013). In 2019,
rain water harvested from asbestos roofing sheet had highest mean value
for pH, total hardness, aluminum, cooper, nitrate and sulphate in com-
parison with another roof types (Olaoye and R.A, 2019). Similarly,
rainwater samples in Ca Mau were divided into three different groups
based on information from the survey. The difference between the
numbers of samples in each group give information on the popularity of
different types of roof materials. The difference between the numbers of
samples in each group give information on the popularity of different
types of roof materials. Water samples with Aluminum concentrations
exceeding the standard were in the group from galvanized roofs, con-
trary to the results of a previous study that rainwater from asbestos roofs
had the highest Aluminum and nitrate concentrations (Olaoye and R.A,
2019). After being verified by Kruskal-Wallis statistic, these results
indicate that the collected rainwater quality can be influenced by several
interacting factors, not only roof types or rain water storage. This sup-
ports the assumption that several factors can affect collected rainwater
quality, not only roof types, but also pipe system, handling practice,
storage duration, people’s activities and habits to collect and store
water.

Similar findings were reported by Wilbers (Wilbers et al., 2013), who
observed that microbial contamination in harvested rainwater was not
primarily influenced by roof material but rather by factors such as
storage cover type, location, handling practices, and overall hygiene
conditions. The presence of coliform bacteria and enterococci in
roof-harvested rainwater in chapter 3.2.2 is not unexpected. Fresh
rainwater is generally microbiologically clean when it falls, but
contamination typically occurs during collection and storage, especially
through contact with roof surfaces, bird droppings, gutters, and accu-
mulated debris. Several studies have reported frequent detection of
E. coli, total coliform and enterococci in rainwater storage tanks, often at
concentrations exceeding drinking water standards (Hamilton et al.,
2019; Chidamba and Korsten, 2015). Under tropical conditions, such as
those in CMP, warm temperatures (25-35 °C), organic matter from roof
runoff and stagnant water in storage tanks can create favorable condi-
tions for bacterial persistence and even regrowth (Lleo et al., 2005; Zdeb
et al.,, 2021). While E. coli generally declines over time due to its
sensitivity to environmental stress, other coliforms such as Klebsiella
and Enterobacter identified in this study by MALDI-TOF-MS are more
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resilient and capable of multiplying in nutrient-rich sediments and
biofilms (Martin et al., 2010). Enterococci, although traditionally
considered indicators of fecal contamination, are not exclusively of
human origin and can also derive from animals or environmental
sources (Leister et al., 2023). They are relatively stress-tolerant and can
persist for extended periods in stored water. Some studies suggest that
under warm, nutrient-enriched conditions, enterococci may survive and
even proliferate within biofilms on tank surfaces (Sadanandan and
Yogendraiah, 2025; Willett and Dunny, 2024). This highlights the
importance of proper tank hygiene and simple treatment measures (e.g.,
boiling, filtration, or chlorination) before using rainwater for drinking or
cooking purposes (Olaoye and Olaniyan, 2019).

In summary, the microbiological analysis indicates that rainwater
contamination is primarily due to general environmental exposure
rather than specific roof materials or clear fecal sources. No consistent
influence of roof type on microbial load was observed. Instead,
contamination likely occurs via roof surfaces, and handling practices.
Consistent with these findings, the dominance of Enterobacter cloacae in
our samples aligns with global assessments of microbial communities in
roof-harvested rainwater. Hamilton et al. (Hamilton et al., 2019) re-
ported that environmental coliforms—particularly Enterobacter, Kleb-
siella, Citrobacter and Serratia—are the most commonly detected
genera in rainwater tanks worldwide, whereas E. coli typically occurs
only sporadically and mainly after recent contamination events. The
species profile observed in Ca Mau therefore reflects globally recognized
contamination pathways related to dust deposition, plant material, in-
sects and roof biofilms rather than clear fecal pollution. This overlap
with global patterns supports the interpretation that microbial
contamination in the study area is primarily driven by environmental
exposure. According to Vietnamese regulation on drinking water
guidelines, the presence of coliform bacteria or enterococci disqualifies
rainwater from being considered safe for direct consumption without
treatment. To ensure safe use, especially for drinking, basic hygienic
standards and appropriate treatment methods such as boiling or filtra-
tion are essential. Other studies around the world, which were compiled
and reviewed recently, confirmed the high quality of rainwater together
with the necessity of treatment before using (Sakati et al., 2023).

In addition, the relationship of groundwater use and rainfall is
inversely correlated. For example, a reduction of groundwater extrac-
tion was observed during the rainy season in Kenya (Thomson et al.,
2019). In Israel, using rainwater for toilet flushing contributed to the
reduction of groundwater recharge (Nachson et al., 2022). In addition,
groundwater extraction in Ca Mau will become increasingly difficult as
shallow aquifers become exhausted or saline (Van Tuan et al., 2024).
Water conservation through rainwater harvesting, driven by limited
water availability, represents a pathway toward environmental sus-
tainability in many regions of the world (Sakati et al., 2023).

4.4. Attitudes toward rainwater use as alternative water for groundwater
and role of government communication in promoting rainwater usage

Following the results from chapter 3.3, the reason behind this
perception of water usage is mainly related to concerns about rain water
quantity. Some people doubt the feasibility of using rainwater, as the
amount of water is inconsistent and not sufficiently available year-round
and for all purposes. In another similar study in other provinces of the
Vietnam Mekong Delta, rainwater amount is sufficient for households
during the rainy season, while during the dry season it is only enough for
drinking purpose (Ozdemir et al., 2011). Rainwater did not meet the
requirements of the local people due to insufficient storage capacity
(Vinh et al., 2024). This finding leads to the conclusion that more
effective solutions for storing rainwater for domestic use are required.
There are several barriers that impede the development of rainwater
harvesting in Vietnam, including technical, economic, and social ob-
stacles. Public awareness remains limited due to the spread of unverified
information about rainwater quality, lack of knowledge, and insufficient
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understanding of legal regulations (Nguyen et al., 2019). Peoples lack of
system that provides comprehensive information in an
easy-to-understand, simple format. In order to prevent misinformation
mentioned in chapter 3.3, promoting accurate information to people in a
timely manner is very important to raise people's knowledge and
awareness. Similar issues arise in many documents dealing with the
current state of climate change, but the acute danger posed by land
subsidence together with rising sea levels receives less attention (Vo
et al., 2025). Vietnam faces water scarcity and saline intrusion, partic-
ularly in coastal communities (Bauer et al., 2025; Bauer et al., 2022;
Tran and Yong, 2025). Dependence on groundwater among local
households increases along the spatial gradient from the northern to the
coastal areas. Poor households are particularly vulnerable to domestic
water scarcity due to issues such as saline intrusion in groundwater and
the lack of alternative water sources (Van Tuan et al., 2024). At the first
conference about sustainable development in Mekong Delta, the Viet-
namese government emphasized the importance of respecting and
adapting to the laws of nature (Linh et al., 2023). To prevent or reduce
the over-extraction of groundwater and assure safe water supply also in
the future, clear regulation from the government should be formulated
and clear benefits of alternative water sources like rainwater should be
comprehensively communicated. Our survey together with further dis-
cussion with people highlight the factors that affect to people’s opinion
on changing water resources. Official government announcements are
the most important prerequisite for people to comply. It is necessary to
implement local-level water management policies, accompanied by
proactive actions from local governments, to mitigate environmental
impacts and ensure long-term water security in the Mekong Delta (Tran
and Yong, 2025). In addition, the high initial investment required for
rainwater harvesting systems poses a significant challenge for
low-income households (Nguyen et al., 2019). For that reason, residents
in CMP expect the encouragement from government to support their
change in water sources through financial support to invest e.g. in
rainwater storage or tap water distribution.

4.5. Limitations, strengths and future perspectives of the study

This study is based on a limited number of water samples, with
relatively few samples corresponding to specific roof materials and
storage containers. The number of samples for each material group is
uneven due to differences in local prevalence, as some materials have
become increasingly scarce in the study area. In addition, microbio-
logical analyses ideally should be conducted directly in the study area;
the inability to do so represents a further limitation of this research.

This study adopts a multidisciplinary approach by integrating data
from questionnaires, water quality analyses and discussions with local
residents to evaluate the potential of rainwater harvesting under specific
conditions in CMP. The authors directly collected water samples and
engaged with local communities, allowing for a deeper understanding of
local perspectives and actual practices. As a result, the methods and
findings are highly practical and transferable, and can be applied to
similar contexts in other regions. The outcomes of this research
contribute to improved water resource management for domestic use
and support progress toward Sustainable Development Goal 6.

Future research should expand the study scope by increasing the
number of samples and considering additional influencing factors
beyond roof materials and storage devices to provide a more compre-
hensive assessment of rainwater quality. Implementing pilot studies on
rainwater harvesting systems would help evaluate their effectiveness in
practice. Further investigation into specific case groups using different
rainwater storage models tailored to local conditions also represents a
promising direction for future work.

5. Conclusion

This study has presented a multi-disciplinary assessment of the



V.C. Pham et al.

potential of collected rainwater as alternative water source for domestic
purpose to reduce the groundwater overexploitation in the southern
Mekong Delta. Following the results of a previous study (Pham et al.,
2023), the present study expanded the number of surveys to improve
regional representativeness and the distribution of social and spatial
conditions. This study reaffirms the extremely important role of
groundwater in people’s lives in CMP. In addition, the habit of using
alternative water sources such as rainwater was investigated and
showed a significant change in the using purpose from mostly using
rainwater for drinking purposes in 2019 to other purposes (drinking,
cooking and washing) in 2021 and 2022. Along with that, the rain water
storage systems also changed; plastic containers became more popular
in the most recent years. Respondents typically discard the first flush of
rainwater in the beginning of the rainy season to clean the roof and
improve the quality of subsequently collected rainwater. The study
showed that residents in CMP currently treat rainwater with quite
simple methods, mainly settling and filtering through cloth. Based on
the evaluation of time-series data, quantity of rainwater in CMP appears
sufficient to meet people’s demands; nevertheless, appropriate storage
infrastructure must be considered. Water quality testing indicates that
rainwater is of relatively good quality. However, some physical and
chemical parameters, such as pH, nitrate and aluminum, as well as some
biological parameters, such as E. coli and coliform, exceeded the
thresholds in a few samples. In general, the extension of thresholds for
certain parameters in the updated version QCVN 01-1:2024 increases
the compatibility of rainwater for domestic use. Subsequently, the study
examined factors affecting rainwater quality including roof materials
and storage tanks. However, it is also necessary to consider additional
causes affecting water quality such as the pipe system, the cleaning
process of water containers and people’s activity. Microbiological
analysis showed that contamination was not clearly linked to roof ma-
terials or storage conditions but rather to general environmental expo-
sure and human activities. Although various coliform species were
detected, the lack of consistent fecal indicators points to non-specific
contamination. This observation is particularly relevant given the
stricter microbiological standards that will apply from 2024. Therefore,
hygienic handling and basic treatment - such as boiling or filtration -
remain essential, especially for drinking purposes. According to the in-
dividual perceptions of residents in CMP, the quality of rainwater is
highly valued and there is a high level of acceptance of using rainwater
instead of groundwater. Nonetheless, people would like clearer infor-
mation from local authorities about the current environmental problems
as well as governmental financial support and guidance on water storage
practices. This study has opened up a new research direction in selecting
suitable pilot locations and designing utilization concept of rainwater to
be used as a potential alternative water source to contribute to the
reduction of groundwater overexploitation in CMP.
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