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India suffered from a devastating 2021 spring outbreak of coronavirus disease 2019
(COVID-19), surpassing any other outbreaks before. However, the reason for the
acceleration of the outbreak in India is still unknown. We describe the statistical
characteristics of infected patients from the first case in India to June 2021, and trace the
causes of the two outbreaks in a complete way, combined with data on natural disasters,
environmental pollution and population movements etc. We found that water-to-human
transmission accelerates COVID-19 spreading. The transmission rate is 382% higher
than the human-to-human transmission rate during the 2020 summer outbreak in India.
When syndrome coronavirus 2 (SARS-CoV-2) enters the human body directly through the
water-oral transmission pathway, virus particles and nitrogen salt in the water accelerate
viral infection and mutation rates in the gastrointestinal tract. Based on the results
of the attribution analysis, without the current effective interventions, India could have
experienced a third outbreak during the monsoon season this year, which would have
increased the severity of the disaster and led to a South Asian economic crisis.

Keywords: COVID-19, water transmission, ecological security, SEIR, natural disasters

INTRODUCTION

Coronavirus disease 2019 (COVID-19) has inflicted great harm to human life worldwide and
has posed an extreme threat in many countries (1). As the 2nd most populous country with a
developing urban economy, India is still suffering disproportionately from COVID-19 (2). A high
population density, health inequity, growing economic and social disparities, and unique cultural
values pose challenges to the response to the epidemic by the Indian government (3). In the spring
of 2021, India suffered a severe outbreak with the highest number of daily new cases in the world
at the time, peaking at over 410,000. As of 1 June 2021, the cumulative number of confirmed cases
reached 28,000,000. However, the reasons for such a rapid and unprecedented regional outbreak
remain unclear.

The primary mechanisms of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
transmission are respiratory droplet and contact transmission, including airborne transmission,
fecal transmission, maternal-fetal transmission, etc, and it can survive for long periods outside
of their host organism (4-7). Hospital air was shown to have SARS-CoV-2 levels of 9-219
COVID-19 viruses/m?, mediating long-range human-to-human transmission via air movement
(8). SARS-CoV-2 can survive in stool samples for 1-2 days (9). Studies have also shown that
the times for 90% reduction (Tgp) of viable SARS-CoV-2 in wastewater and tap water at room
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temperature were 1.5 and 1.7 days, respectively. In high-starting
titer experiments, infectious virus persisted for the entire 7-day
sampling time course (10). Contaminated water is likely to be a
potential source of human exposure if aerosols are generated. The
traditional disinfection method is expected to eradicate SARS-
CoV-2 in sewage (11). However, overcrowded living conditions
and poor sewage treatment practices in India may allow the virus
to survive for prolonged periods of time (12), adding another
potential transmission route.

To provide a basis for future global preparedness, we
did a retrospective study on a huge data set of more than
hundred million cases of COVID-19 worldwide. Attribution
analysis of the dynamics data of cases was performed in
India’s two outbreaks. Combined with the simulation results,
the triggers and mainly transmission routes of the epidemic
in the 2021 spring severe outbreak in India was identified.
We also simulated the development of epidemic situation
without lockdown based on the findings, which served as an
early warning.

MATERIALS AND METHODS

Data Source

In this study, we used statistical dynamics and epidemiological
modeling methods to identify the possible mechanisms of the
outbreak. The results of attribution analysis are helpful for
developing epidemic prevention plans to allow for the rational
allocation of medical resources, especially in areas with more
severe outbreaks. Data on global COVID-19 confirmed cases
are from the COVID-19 Data Repository by the Center for
Systems Science and Engineering (CSSE) at Johns Hopkins
University (https://github.com/CSSEGISandData/COVID-19).
Data sources for COVID-19 confirmed cases in the Indian
states are given by: https://www.covid19india.org/. Data on
rainfall in India’s states and the number of flood victims
come from the National Disaster Management Authority
Government of India (https://ndmindia.mha.gov.in/reports#).
The time, place and the coordinates of the bathing ghat of
the Indian Kumbh Mela event in 2021 are given by: https://
www.kumbhamela.net/. Water quality data of Ganges River
in Uttar Pradesh were obtained from Uttar Pradesh Pollution
Control Board (UPPCB): http://www.uppcb.com/river_quality.
htm.

EEMD Method

The ensemble empirical mode decomposition (EEMD) method
was used to analyze the influence of the number of flooding
victims on the number of COVID-19 cases. EEMD is a time
series analysis method based on empirical mode decomposition
(EMD) (13). EEMD decomposes complex data series into
finite quasiperiodic components at different frequencies and is
suitable for adaptive analysis of nonlinear and nonstationary
time series. EMD/EEMD methods have been used to analyze
and process nonlinear and nonstationary climate and ocean
data, biomedical signals, financial signals, and COVID-19
simulation predictions. The decomposition process of the
EEMD method can be shown as follows: First, white noise

series w(t)x(t) is added, and then EMD method is used
to decompose the new time series into Intrinsic Mode
Functions (IMFs) terms. In the third step, different white
noise series are used to repeat the first and second steps,
and the results are added to the original time series each
time. Finally, the set of IMF items in the EMD method is
averaged (14).

Model Simulation
Here, the second version of Global Prediction System for the
COVID-19 Pandemic (GPCP) developed by Lanzhou University
(http://covid-19.1zu.edu.cn/) was used for epidemiological
simulations (15). The GPCP system was used to simulate and
predict the trend of the epidemic in India, based on a modified
version of the suspected, exposed, infectious, recovered (SEIR)
epidemiological model. The theoretical framework is based
on the division of the human host population into categories
containing susceptible, infected but not yet infectious (exposed),
infectious, and recovered individuals (16). These susceptible-
exposed-infectious-recovered models are usually expressed as a
system of differential equations.

The original model can be described by the following ordinary
differential equations:
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The susceptible (S) refer to people who are not sick but
lack immunity and are vulnerable to infection after coming
into contact with the infected. In the absence of effective
pharmaceutical treatments and vaccines, all populations are at
risk of infection when they are exposed to the virus. The exposed
(E) refer to people who have been in contact with an infected
person but are not contagious. Such people can play a big
role in the spread of infectious diseases with long incubation
periods. They may also have the potential to spread the virus.
The infective (I) represent the infective people with infectious
capacity. The infective can spread virus to the susceptible, turning
them into the exposed or the infective. The recovered (R) are
those who recover or die of the disease. If it is a lifelong immune
infectious disease, R cannot be changed into S, E or I again. If
the immune period is limited, R can be changed into S again,
and then be infected. In this paper, our modifications to the
epidemiological model are based on the model of Peng et al.
(17). The modified SEIR model defines seven states of disease:
susceptible cases (S), protected cases (P), potentially infected
cases (E, infected cases in a latent period), infected cases (I,
infected cases that have not been quarantined), quarantined cases
(Q, confirmed and quarantined cases), recovered cases (R), and
cases of mortality (D). The sum of the seven categories is equal
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to the total population (N) at any time. The model contains the
following equations:
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In the traditional epidemiological model, the parameters are
determined by natural history of the disease. In the GPCP
system, the parameters of the model are obtained from the
actual epidemic data inversion. The dynamics of each population
group are governed by the parameters B, y, A, and « (unit:
day™!). B is the infection rate, which represents the average
number of susceptible persons in effective contact with each
sick person per day. 1/y is the average latent time (the time
between getting infected and onset of symptoms). A and « are
the recovery rate and death rate, respectively. o is the parameter
of social distancing. When o > 0, individuals are passed from
group S to group P, indicating the implementation of social
distancing measures. The infectious will then spread the virus to
others before admitted to the hospital at the rate of 3 (entering
the quarantined stage, Q). The influence of temperature and
humidity has been included in the improved SEIR [see Huang
et al. (18) for details], and the influence of mass gatherings on
the epidemic situation is mainly considered here. The number of
asymptomatic infections was calculated considering the number
of mass gatherings. About 15.6% people are asymptomatic
infections among confirmed cases (95% CI, 10.1-23.0%) (19).
Therefore, we calculated the number of asymptomatic infections
among mass gatherings using the following formula:

E, (i) = 0.156 x Pot(i) x Con(i) +~ Npop (12)

where Pot(i) is the daily number of flood victims reported by the
National Disaster Management Authority Government of India
for the 2020 summer outbreak (hereinafter referred to as the first
outbreak). For 2021 spring outbreak (hereinafter referred to as
the second outbreak) in India, Pot(i) is the number of religious
congregations reported by news published online. Con(i) is the
number of cumulative confirmed cases on day I, and Npop is the
population of India.

RESULTS

The Timeline of Development of Global

COVID-19

According to previous studies, the COVID-19 pandemic
was characterized by oscillatory outbreak patterns, with
anthropogenic factors, natural disaster-related factors, and
seasonal temperature changes as triggers (18). Therefore, we
attempt to find possible trigger factors of the outbreaks in
India based on the timeline of development of COVID-19
(Figure 1). Two COVID-19 waves have affected India since
its first patient was identified on 30 January 2020 (Figure 1A).
India experienced the first (2020 summer) outbreak when the
global situation was relatively stable. After March 2021, when the
trend of the global epidemic was declining, India had another
outbreak, with the daily new confirmed cases peaked at 57.1% of
the global total.

Based on the timing, the potential trigger for the first
outbreak in India could be the effects of a natural disaster.
As of 1st June 2020, the number of cumulative confirmed
cases in India was <200,000, but more than 3 million new
cases were reported within 3 months after the start of the
monsoon season. Since the super-cyclone “Amphan,” the number
of confirmed cases in India, Bangladesh and Nepal also increased
by 335.5, 337.3 and 2967.2%, respectively, in 40 days (Figure 1B).
The second outbreak in India was caused by human factors.
Since 11th March 2021, nearly 3,000,000 people have bathed
in the Ganges River for Kumbh Mela, providing an ideal
situation for the transmission of the virus. After Kumbh Mela,
the number of confirmed cases in India increased by 665.5%
within 1 month. Meanwhile, the time series of COVID-19
pandemic development in Bangladesh, downstream of India, was
consistent with that in India. The number of daily new cases
was over two times higher than the previous highest record
(Figure 1C).

Causes of the 2020 Summer Outbreak in

India

The cause of the first outbreak in India was further traced
systematically (Figure 2). During the first outbreak, the numbers
of COVID-19 confirmed cases are closely related to monsoon
season precipitation. In Assam, Bihar, Kerala and Uttar Pradesh,
the correlation coefficients between precipitation and the number
of confirmed cases during floods were 0.87, 0.84, 0.95 and 0.87,
respectively (Figure 2A). There is a lag correlation between
the increases of confirmed cases and the number of flood
victims (correlation coeflicient = 0.87) (Figure 2B). During
flood, while rescue procedures or refugee camping, it is almost
impossible to follow COVID-19 protocols, so protective mask
and social distancing is limited. Population densities and
intensity of social contacts are the main drivers for propagation
and amplification of this novel respiratory virus SARS-CoV-
2 (20). In addition, as environmental changes occur, vector
breeding sites increase, and access to healthcare services is
limited, etc, the after-effects of flooding may contribute to
the occurrence and the spread of infectious diseases (21)
(Supplementary Figure S1).
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FIGURE 1 | Time series of the number of newly confirmed cases. (A) Time series curve of newly confirmed cases globally and in India. To facilitate the comparative
analysis, the data were normalized. The red line represents newly confirmed cases in India, and the blue line represents global new cases. (B) Time series curve of
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curve of newly confirmed cases in India and Bangladesh during the second outbreak in India. The dotted line represents the time when the crowd gathered.

Unplanned and overcrowded shelters, limited rescue new confirmed cases by 68.2, 97.1, and 129.6%, respectively
personnel and equipment all contribute to large crowd  (Figure2C). Shelters housing 3,000 victims would lead to a
gatherings and facilitate the spread of viruses. Simulation  four-fold increase in the peak number of new confirmed cases if
results show that more than 5, 10 and 20 people on each boat  anti-epidemic measures were not taken (Figure 2D). Therefore,
without personal protection would increase the number of  human-to-human transmission among dense populations
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carrying numbers of each rescue boats. (D) Impacts of different shelter populations on the epidemic. The curves in different colors represent the simulation results of
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during natural disaster events was the main reason why India
was one of the most COVID-19-affected countries in the summer
of 2020.

Causes of the 2021 Spring Outbreak in

India

Close physical contact facilitates easy and rapid spread of
respiratory pathogens at gatherings. Upper respiratory tract
infection (URTI) has been reported as the main cause of illness
among Kumbh Mela pilgrims in 2013, accounting for 70% of
the illness among the pilgrims (22). However, the super outbreak
in India in 2021 spring was probably not only caused by the
high density of human-to-human transmission. While COVID-
19 cases have increased significantly in all Indian states since
the start of Kumbh Mela, the increase has been even more
rapid in the Ganges Basin (Figure 3A). The percentage of the
number of new cases in the states along the Ganges River
basin to the total number of new cases in India increased
by about threefold within 40 days (Figures 3B,C). This is
not significantly related to the movement of people among
the states during Kumbh Mela (Supplementary Figure S2).
In Uttar Pradesh, the state closest to the holy bathing
sites, the proportion has increased six-fold than that before

Kumbh Mela. Cities that run through the Ganges contributed
92.5% of newly confirmed cases in the state, including the
five cities with the worst outbreaks (account for 48.8%)
(Supplementary Figure S3).

Previous studies on the impact of sewage discharge on
groundwater pollution have found e. coli in groundwater samples
exceeding the permissible limit of WHO, forcing the belief
that if it can contaminate and present in a significant amount,
then concerning COVID can also penetrate to groundwater
(23). Therefore, to further trace the reasons for the rapid
development of the epidemic in the Ganges basin, a comparative
assessment of dissolved oxygen (DO), biochemical oxygen
demand (BOD) and total coliforms organism of river Ganga
in Uttar Pradesh was conducted (Figure3D). The results
demonstrate an increase of microbiological contamination of
surface water during the COVID-19 outbreak. The average
value of BOD and total coliforms organism increased from
3.8 mg/L to 4.5 mg/L and 17652.3 MPN/100ml to 18767.6
MPN/100ml, respectively, while the average DO decrease
from 8.7 to 7.7 mg/L, indicating the higher load of organic
pollution in the river system during Kumbh Mela. The slight
decrease in DO observed during the two outbreaks which may
also be due to the increased levels of suspended solids and
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Date

turbidity in the river water because of heavy rains and holy
bathing (24).

The increase of microbiological contamination of surface
water is likely to warn of future biological pandemics, including
COVID-19. Studies have reported that SARS-CoV-2 RNA in
an Italian and a Japanese river (25, 26). Sewage samples
from Gujarat state, India also showed presence of SARS-CoV-
2 RNA (27). If SARS-CoV-2 RNA is detected on water or
sewage, infectivity cannot be ruled out (28). The emergence
of human pathogenic viruses in aquatic ecosystems needs
to raise concerns about environmental and human health-
related impacts.

Simulation of the Two Outbreaks in India

According to the simulation results, India should not have
experienced such a severe outbreak. Flood-triggered high-
density human-to-human transmission during the first outbreak
doubled the number of COVID-19 cases in India (Figure 4A,

Supplementary Figure S4). The combination of human-to-
human and water-to-human transmission during the second
outbreak resulted in a six-fold increase in newly confirmed cases
(Figure 4B). Human-to-human transmission increased Uttar
Pradesh’s share of the total number of cases in India by 0.5%.
After adding to the impact of water-to-human transmission, the
proportion increased by 6.3% (Supplementary Figure S5). Same
size of Massive gathering event (MGE) in India has led to a
three-time increase rate of the confirmed cases compared to
the US (18). Therefore, it is quite possible that water-to-human
transmission amplified the epidemic and caused the most severe
outbreak worldwide.

The course of SARS-CoV-2 infection in pulmonary and
gastrointestinal (GI) tissues is presented in Figure 4C. A large
number of viral-containing particles can be inhaled by people
who are exposed to a high number of human-generated aerosols
for a long duration; thus, the chance of becoming infected and
the disease severity is high (29). Greater inhalation expands the
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alveolar area exposed to virus-containing aerosols, which may
affect viral processing and the immune response (30). Similar
to fecal-oral transmission, SARS-CoV-2 can enter human body
directly through water-oral transmission route. Previous research
has shown that GI symptoms affect up to 26% of patients in
some populations, with some patients experiencing only digestive
symptoms (31). The virus-specific RNA and protein synthesis
processes can form virions in the cytoplasm and then release
them to the GI tract. Moreover, other contaminants in water
may promote virus mutation (32). Based on previous research,
the nitrate and nitrite levels in the Ganges River transect exceed
the standard level (33). Excess nitrate and nitrite are further

converted into nitric oxide with the help of oral bacteria, enzymes
and acid in the stomach (34). Oxidative stress induced by the
overproduction of nitric oxide can trigger virus mutation; for
example, it can cause heterogeneity among variants of RNA
viruses, such as HIV and influenza, and accelerate viral evolution
(Figure 4C).

DISCUSSION

The presence of multiple transmission mechanisms for COVID-
19 is one of the reasons for the rapid spread of the pandemic.
Fecal-oral transmission as a potential transmission mechanism
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has attracted a lot of attention in recent years, but there is still
a lack of epidemiological evidence to confirm this hypothesis.
Replication of the virus in the intestinal tract is highly likely
(35). The unsuccessful isolation of infective SARS-CoV-2 from
stool and wastewater samples may be due to the difficulty of
isolating intact enveloped virions, rather than the absence of
infective virions (36). During the March 2003 outbreak of SARS
in Hong Kong, evidence of fecal-aerosol transmission route was
reported due to aerosol diffusion from inadequate wastewater
management (37). Thus, wastewater should be alert to contain
a considerable number of infective virions. To date, there is
no clear evidence regarding SARS-CoV-2 survival in water or
sewage. However, due to the presence of virus fragments in
excreta, as well as other potential infectious disease risks in
excreta, wastewater should be treated in a well-designed and
well-managed central sewage treatment plant (38).

COVID-19 water-to-human transmission route is a warning
of water security issues during an epidemic. Especially the
biological treatment of medical wastewater and domestic sewage.
To reduce the risk of river-borne infection, it is necessary
to strengthen the management of water supply and drainage
systems, and formulate reasonable policies to limit the flow
of people along the river. In countries with highly developed
water supply systems, it is difficult for the virus to overcome
the existing stages of filtration and disinfection. In contrast,
the presence of the virus is unknown in countries where
water treatment technology does not have the equipment to
remove it (39). According to the United Nations 2017 World
Water Development Report, 80% of global wastewater (>95%
in some developing countries) is released to the environment
without adequate treatment (40). However, in the context of the
COVID-19 pandemic, there is little information on the presence
of SARS-CoV-2 in sewage and natural waters in countries
with poor sanitation. Extensive research on the detection of
infectious SARS-CoV-2 in wastewater is urgently needed. A
large population in India is affected by water security issues
and climate-induced disasters, such as floods and droughts (41,
42). Transient populations, urbanization and traditional and
contemporary recreational activities result in a high pollution
load and increase future environmental risk. Therefore, it is
essential to deepen the understanding of the effect of ecological
safety and human health and to develop corresponding risk
management and environmental modification plans, especially
during the high-incidence infectious disease season. Currently,
wastewater epidemiology should be brought to the forefront
of disease research. However, low coverage (one-third of all
towns) of sewer networks in India makes conducting such
research challenging.

This study provides a new perspective that virus mutations
are largely related to human activities. This indicates that strict
social distancing can not only break the transmission chain
and prevent infection but also prevent virus mutation. Global
mass infection, vaccination, and interventions are changing
SARS-CoV-2’s evolutionary landscape. Since the first outbreak

period in India, effective global medical interventions have been
developed. However, the vaccination coverage rate is still too
low to allow pandemic control (43, 44). At the same time,
viruses keep evolving to become more infectious and overcome
a host's immune responses (45). The omicron variant, for
example, is currently causing a global super-outbreak, evades the
immune protection offered by vaccines and natural infections
(46). Therefore, strict non-pharmaceutical interventions should
remain the first line of defense against the virus.

In addition, based on the results of the attribution analysis
of the first outbreak in India, we model that without rigorous
interventions, the cumulative number of cases in India’s 2021
monsoon season could reach 50 million by the end of July,
resulting in many lives lost (Supplementary Figure S6). It
is a substantial challenge to the society, requiring relevant
departments to make complex, highly compromised, hierarchical
decisions to address the pandemic. Accelerating vaccination,
expanding viral genome testing and implementing strict distance
restrictions to prevent transmission and save lives should be
regarded as priorities.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

JH designed the study and contributed to the ideas,
interpretation, and manuscript writing. XL contributed to
interpretation and manuscript writing. All authors contributed
to the discussion, interpretation, and reviewed the manuscript.
All authors contributed to the article and approved the
submitted version.

FUNDING

This work was jointly supported by the National Natural Science
Foundation of China (41521004) and the Gansu Provincial
Special Fund Project for Guiding Scientific and Technological
Innovation and Development (Grant No. 2019ZX-06).

ACKNOWLEDGMENTS

The authors acknowledge the Center for Systems Science and
Engineering (CSSE) at Johns Hopkins University for providing
the COVID-19 data.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpubh.
2022.808523/full#supplementary-material

Frontiers in Public Health | www.frontiersin.org

May 2022 | Volume 10 | Article 808523


https://www.frontiersin.org/articles/10.3389/fpubh.2022.808523/full#supplementary-material
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Huang et al.

Water Transmission of SARS-CoV-2

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. The

. Acter T, Uddin N, Das J, Akhter A, Choudhury TR, Kim S. Evolution of severe

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) as coronavirus
disease 2019 (COVID-19) pandemic: a global health emergency. Sci Total
Environ. (2020) 730:138996. doi: 10.1016/j.scitotenv.2020.138996

. Laxminarayan R, Wahl B, Dudala SR, Gopal K, Chandra MB, Neelima S, et al.

Epidemiology and transmission dynamics of COVID-19 in two Indian states.
Science. (2020) 370:691-7. doi: 10.1126/science.abd7672
Lancet, India under COVID-19 lockdown.
395:1315. doi: 10.1016/S0140-6736(20)30938-7

Lancet. (2020)

. Wu ZL, Harrich D, Li ZY, Hu DS, Li DS. The unique features

of SARS-CoV-2 transmission: Comparison with SARS-CoV, MERS-CoV
and 2009 HIN1 pandemic influenza virus. Rev Med Virol. (2021)
31:e2171. doi: 10.1002/rmv.2171

. Mascio DD, Khalil A, Saccone G, Rizzo G, Buca D, Liberati M, et al.

Outcome of coronavirus spectrum infections (SARS, MERS, COVID-19)
during pregnancy: a systematic review and meta-analysis. Am ] Obstet Gynecol
MFM. (2020) 2:100107. doi: 10.1016/j.ajogmf.2020.100107

. Xu Y, Li XE Zhu B, Liang HY, Fang CX, Gong Y, et al. Characteristics of

pediatric SARS-CoV-2 infection and potential evidence for persistent fecal
viral shedding. Nat Med. (2020) 26:502-5. doi: 10.1038/s41591-020-0817-4

. Noorimotlagh Z, Jaafarzadeh N, Martinez SS, Mirzace SA. A systematic

review of possible airborne transmission of the COVID-19 virus
(SARS-CoV-2) in the indoor air environment. Environ Res. (2021)
193:110612. doi: 10.1016/j.envres.2020.110612

. Zhou L, Yao MS, Zhang X, Hu BC, Li XY, Chen HX et al. Breath-

, air-and surface-borne SARS-CoV-2 in hospitals. J Aerosol Sci. (2021)
152:105693. doi: 10.1016/j.jaerosci.2020.105693

. Chan KH, Sridhar S, Zhang RR, Chu H, Fung AYE Chan G, et al. Factors

affecting stability and infectivity of SARS-CoV-2. J Hosp Infect. (2020)
106:226-31. doi: 10.1016/j.jhin.2020.07.009

Bivins A, Greaves J, Fischer R, Yinda KC, Ahmed W, Kitajima M et al.
Persistence of SARS-CoV-2 in water and wastewater. Environ Sci Technol Lett.
(2020) 7:937-42. doi: 10.1021/acs.estlett.0c00730

Long DN, Morgan B, Donner E, Short MD. The COVID-19 pandemic:
considerations for the waste and wastewater services sector. Case Stud Chem
Environ Eng. (2020) 1:100006. doi: 10.1016/j.cscee.2020.100006

Bhowmick GD, Dhar D, Nath D, Ghangrekar MM, Banerjee R, Das
S, et al. Coronavirus disease 2019 (COVID-19) outbreak: some serious
consequences with urban and rural water cycle. npj Clean Water. (2020)
3:32. doi: 10.1038/s41545-020-0079-1

Wang T, Zhang MC, Yu QH, Zhang HY. Comparing the applications of EMD
and EEMD on time-frequency analysis of seismic signal. ] Appl Geophys.
(2012) 83:29-34. doi: 10.1016/j.jappgeo.2012.05.002

Wang YB, Xu CJ, Yao SQ, Wang L, Zhao YZ, Ren JC, et al. Estimating
the COVID-19 prevalence and mortality using a novel data-driven hybrid
model based on ensemble empirical mode decomposition. Sci Rep. (2021)
11:1-17. doi: 10.1038/s41598-021-00948-6

Huang JP, Zhang L, Liu XY, Wei Y, Liu CW, Lian XB, et al. Global
prediction system for COVID-19 pandemic. Sci Bull. (2020) 65:1884-
7. doi: 10.1016/j.5¢ib.2020.08.002

Yang ZF, Zeng ZQ, Wang K, Wong SS, Liang WH, Zanin M, et al
Modified SEIR and Al prediction of the epidemics trend of COVID-
19 in China under public health interventions. ] thorac Dis. (2020)
12:165. doi: 10.21037/jtd.2020.02.64

Peng LR, Yang WY, Zhang DY, Zhuge CJ, Hong L. Epidemic analysis of
COVID-19 in China by dynamical modeling. medRxiv [Preprint]. (2020)
doi: 10.1101/2020.02.16.20023465

Huang JP, Liu XY, Zhang L, Zhao Y], Wang DF, Gao JF, et al. The oscillation-
outbreaks characteristic of the COVID-19 pandemic. Natl Sci Rev. (2021)
8:nwab100. doi: 10.1093/nsr/nwab100

He JJ, Guo YE Mao RC, Zhang JM. Proportion of asymptomatic coronavirus
disease 2019: a systematic review and meta-analysis. ] Med Virol. (2021)
93:820-30. doi: 10.1002/jmv.26326

Che M, Atan EH, Azhar A, Sabreena S. A single mass gathering

resulted in massive transmission of COVID-19 infections in

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Malaysia with further international spread. ] Travel Med. (2020)
27:taaa059. doi: 10.1093/jtm/taaa059

Kouadio IK, Aljunid S, Kamigaki T, Hammad K, Oshitani H. Infectious
diseases following natural disasters: prevention and control measures. Prehosp
Disaster Med. (2014) 26:s125-6. doi: 10.1017/51049023X11004158

Cariappa MP, Singh BP, Mahen A, Bansal AS. Kumbh Mela 2013:
healthcare for the millions. Med ] Armed Forces India. (2015) 71:278-
81. doi: 10.1016/j.mjafi.2014.08.001

Huo CH, Dar AA, Nawaz A, Hameed ], Albashar G, Pan B, et al
Groundwater contamination with the threat of COVID-19: insights
into CSR theory of Carroll's pyramid. ] King Saud Univ Sci. (2021)
33:101295. doi: 10.1016/j.jksus.2020.101295

Vidyarthi AK, Parashar S, Ranjan P, Ramanathan AL. Chapterl2-Impact
of COVID-19 lockdown on real-time DO-BOD variation of river Ganga.
In: Environ Resilience and Transformation in Times of COVID-19. Elsevier.
(2021). p. 127-34. doi: 10.1016/B978-0-323-85512-9.00002-4

Rimoldi SG, Stefani F, Gigantiello A, Polesello S, Comandatore F, Mileto D
et al. Presence and infectivity of SARS-CoV-2 virus in wastewaters and rivers.
Sci Total Environ. (2020) 744:140911. doi: 10.1016/j.scitotenv.2020.140911
Haramoto E, Malla B, Thakali O, Kitajima M. First environmental surveillance
for the presence of SARS-CoV-2 RNA in wastewater and river water in Japan.
Sci Total Environ. (2020) 737:140405. doi: 10.1016/j.scitotenv.2020.140405
Srivastava V, Gupta S, Patel Ak, Joshi M, Kumar M. Reflections of COVID-
19 cases in the wastewater loading of SARS-CoV-2 RNA: A case of
three major cities of Gujarat, India. Case Stud Chem Environ Eng. (2021)
4:100115. doi: 10.1016/j.cscee.2021.100115

Giacobbo A, Rodrigues M, Ferreira JZ, Bernardes AM, Pinho
M. A critical review on SARS-CoV-2 infectivity in water and
wastewater. What do we know? Sci Total Environ. (2021)

774:145721. doi: 10.1016/j.scitotenv.2021.145721

Guallar MP, Meirifio R, Donat-Vargas C, Corral O, Jouvé N, Soriano V.
Inoculum at the time of SARS-CoV-2 exposure and risk of disease severity.
Int ] Infect Dis. (2020) 97:290-2. doi: 10.1016/}.ijid.2020.06.035

Philip KEJ, Lewis A, Buttery SC, McCabe C, Fancourt D, Orton
CM, et al. Aerosol transmission of SARS-CoV-2: inhalation as well as
exhalation matters for COVID-19. Am ] Resp Crit Care. (2021) 203:1041-
2. doi: 10.1164/rccm.202012-4445LE

Cha MH, Regueiro M, Sandhu DS. Gastrointestinal and hepatic
manifestations of COVID-19: a comprehensive review. World ] Gastroentero.
(2020) 26:2323-32. doi: 10.3748/wjg.v26.i119.2323

Astuti I, Ysrafil. Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2): an overview of viral structure and host response. Diabetes Metabo
Syndr. (2020) 14:407-12. doi: 10.1016/j.dsx.2020.04.020

Singh D, Singh B, Kumar Y. Spatio-temporal Variability of physico-
chemical and biological water quality parameters of river ganges in six cities
situated on indo-gangetic plain transect. Am ] Water Res. (2018) 6:235-45.
doi: 10.12691/ajwr-6-6-4

Routledge MN, Mirsky FJ, Wink DA, Keefer LK, Dipple A. Nitrite-induced
mutations in a forward mutation assay: influence of nitrite concentration and
pH. Mutat Res. (1994) 322:341-6. doi: 10.1016/0165-1218(94)90110-4
Danchin A, Ng TW, Turinici G. A new transmission route for
the propagation of the SARS-CoV-2 Biology. (2021)
10:10. doi: 10.3390/biology10010010

Bogler A, Packman A, Furman A, Gross A, Kushmaro A, Ronen A. Rethinking
wastewater risks and monitoring in light of the COVID-19 pandemic. Nat
Sustain. (2020) 3:981-90. doi: 10.1038/s41893-020-00605-2

McKinney KR, Gong YY, Lewis TG. Environmental transmission of SARS at
Amoy gardens. ] Environ Health. (2006) 68:26-30. Available online at: https://
www.proquest.com/openview/aba4c5d8bba307f411d7307b3d297f42/12pq-
origsite=gscholar&cbl=34757

World Health Organization. Water, Sanitation, Hygiene, and Waste
Management for the COVID-19 Virus: Interim Guidance. World Health
Organization (2020). Available online at: https://www.who.int/publications/
i/item/WHO-2019-nCoV-IPC-WASH-2020.4

Langone M, Petta L, Cellamare CM, Ferraris M, Guzzinati R, Mattioli D, et al.
SARS-CoV-2 in water services: presence and impacts. Environ Pollut. (2021)
268:115806. doi: 10.1016/j.envpol.2020.115806

coronavirus.

Frontiers in Public Health | www.frontiersin.org

May 2022 | Volume 10 | Article 808523


https://doi.org/10.1016/j.scitotenv.2020.138996
https://doi.org/10.1126/science.abd7672
https://doi.org/10.1016/S0140-6736(20)30938-7
https://doi.org/10.1002/rmv.2171
https://doi.org/10.1016/j.ajogmf.2020.100107
https://doi.org/10.1038/s41591-020-0817-4
https://doi.org/10.1016/j.envres.2020.110612
https://doi.org/10.1016/j.jaerosci.2020.105693
https://doi.org/10.1016/j.jhin.2020.07.009
https://doi.org/10.1021/acs.estlett.0c00730
https://doi.org/10.1016/j.cscee.2020.100006
https://doi.org/10.1038/s41545-020-0079-1
https://doi.org/10.1016/j.jappgeo.2012.05.002
https://doi.org/10.1038/s41598-021-00948-6
https://doi.org/10.1016/j.scib.2020.08.002
https://doi.org/10.21037/jtd.2020.02.64
https://doi.org/10.1101/2020.02.16.20023465
https://doi.org/10.1093/nsr/nwab100
https://doi.org/10.1002/jmv.26326
https://doi.org/10.1093/jtm/taaa059
https://doi.org/10.1017/S1049023X11004158
https://doi.org/10.1016/j.mjafi.2014.08.001
https://doi.org/10.1016/j.jksus.2020.101295
https://doi.org/10.1016/B978-0-323-85512-9.00002-4
https://doi.org/10.1016/j.scitotenv.2020.140911
https://doi.org/10.1016/j.scitotenv.2020.140405
https://doi.org/10.1016/j.cscee.2021.100115
https://doi.org/10.1016/j.scitotenv.2021.145721
https://doi.org/10.1016/j.ijid.2020.06.035
https://doi.org/10.1164/rccm.202012-4445LE
https://doi.org/10.3748/wjg.v26.i19.2323
https://doi.org/10.1016/j.dsx.2020.04.020
https://doi.org/10.12691/ajwr-6-6-4
https://doi.org/10.1016/0165-1218(94)90110-4
https://doi.org/10.3390/biology10010010
https://doi.org/10.1038/s41893-020-00605-2
https://www.proquest.com/openview/aba4c5d8bba307f411d7307b3d297f42/1?pq-origsite=gscholar&cbl=34757
https://www.proquest.com/openview/aba4c5d8bba307f411d7307b3d297f42/1?pq-origsite=gscholar&cbl=34757
https://www.proquest.com/openview/aba4c5d8bba307f411d7307b3d297f42/1?pq-origsite=gscholar&cbl=34757
https://www.who.int/publications/i/item/WHO-2019-nCoV-IPC-WASH-2020.4
https://www.who.int/publications/i/item/WHO-2019-nCoV-IPC-WASH-2020.4
https://doi.org/10.1016/j.envpol.2020.115806
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Huang et al.

Water Transmission of SARS-CoV-2

40.

41.

42.

43.

44,

45.

Usman M, Farooq M, Hanna K. Existence of SARS-CoV-2 in wastewater:
implications for its environmental transmission in developing communities.
Environ Sci Technol. (2020) 13:7758-9. doi: 10.1021/acs.est.0c02777

Ray B, Abedin A, Shaw R. Safe drinking water solutions
parts of West Bengal, India: combating health issues through
participatory water management. Public Health and Disasters. (2020)
185-200. doi: 10.1007/978-981-15-0924-7_12

Bhardwaj K, Shah D, Aadhar S, Mishra V. Propagation of meteorological
to hydrological droughts in India. ] Geophys (2020)
125:€2020]D033455. doi: 10.1029/2020JD033455

Wouters OJ, Shadlen KC, Salcher-Konrad M, Pollard AJ, Larson H]J,
Teerawattananon Y, et al. Challenges in ensuring global access to COVID-19
vaccines: production, affordability, allocation, and deployment. Lancet. (2021)
397:1023-34. doi: 10.1016/S0140-6736(21)00306-8

Mahmud S, Kamrujjaman, Adan M, Hossain A, Rahman M, Islam S,
et al. Vaccine efficacy and SARS-CoV-2 control in California and USA
during the 2020-2026: a modeling study, Infect Dis Model. (2022) 7:62-
81. doi: 10.1016/j.idm.2021.11.002

Callaway E. Beyond Omicron: what’s next for COVID’s viral evolution. Nature.
(2021) 600:204-7. doi: 10.1038/d41586-021-03619-8

in

Res-Atmos.

neutralization by therapeutic monoclonal antibodies. Nat Med. (2022)
28:490-5. doi: 10.21203/rs.3.rs-1175516/v1

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022  Huang, Lian, Zhao, Wang, Chen, Zhang, Liu, Gao
and Liu. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,

46. VanBlargan L, Errico ], Halfmann P, Zost S, Crowe J, Purcell L. distribution or reproduction is permitted which does not comply with these
An infectious SARS-CoV-2 B. 1.1. 529 Omicron virus escapes terms.
Frontiers in Public Health | www.frontiersin.org 10 May 2022 | Volume 10 | Article 808523


https://doi.org/10.1021/acs.est.0c02777
https://doi.org/10.1007/978-981-15-0924-7_12
https://doi.org/10.1029/2020JD033455
https://doi.org/10.1016/S0140-6736(21)00306-8
https://doi.org/10.1016/j.idm.2021.11.002
https://doi.org/10.1038/d41586-021-03619-8
https://doi.org/10.21203/rs.3.rs-1175516/v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

	Water Transmission Increases the Intensity of COVID-19 Outbreaks
	Introduction
	Materials and Methods
	Data Source
	EEMD Method
	Model Simulation

	Results
	The Timeline of Development of Global COVID-19
	Causes of the 2020 Summer Outbreak in India
	Causes of the 2021 Spring Outbreak in India
	Simulation of the Two Outbreaks in India

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


