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INTRODUCTION 

Over the last two decades, the world has experienced three 
significant pandemics, with coronavirus disease 2019 

(COVID-19) triggered by severe respiratory syndrome 

coronavirus 2 (SARS-CoV-2) emerging most recently, 

preceded by the SARS outbreak in 2003 and MERS in 
2012. All three pandemics resulted from zoonotic 

transmission, emphasizing the persistent threat of diseases 

from animal sources (Ramadan  Shaib, 2019). SARS-

CoV-2 spreads rapidly through direct contact or 
respiratory droplets from speaking, sneezing, or coughing 

(Anand et al., 2021). As of March 17, 2024, the world 

health organization (WHO) recorded 774,954,393 

confirmed COVID-19 cases worldwide, along with 

7,040,264 reported deaths, with figures continuing to rise 

(WHO, 2024). In this context, it is crucial to keep in mind 
that other potential causes of virus dissemination include 

pollution (Bontempi, 2020), and meteorological and 

socioeconomic variables such as trade exchanges. Because 

of its worldwide spread, recurring outbreaks, high fatality 
rate, and rapid transmission among vulnerable 

populations, COVID-19 remains a significant public 

health threat (Shrestha et al., 2022). The pandemic has 

caused significant human casualties on a global scale and 
posed an unprecedented threat to the economy, ecosystem, 

and healthcare industry. Therefore, huge international 

scientific efforts are being made in a variety of fields to 

better understand the variables affecting the new 
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coronavirus's transmission and infectiousness with the 

hopes of limiting its spread, slowing the rate of diffusion, 
and creating novel therapeutic interventions or vaccines 

(Lundstrom et al., 2023).  

Understanding the behavior and dynamics of SARS-

CoV-2 in the environment is essential for preventing future 
outbreaks. Healthy individuals are most commonly 

infected by inhaling virus particles released by infected 

individuals during everyday activities like speaking, 

sneezing, and coughing (Chatterjee et al., 2020). Jin et al. 
(2020) suggests that the primary mode of transmission for 

SARS-CoV-2 is through respiratory droplets (particles 

>5μm). In May 2021, the Centers for Disease Control and

Prevention (CDC) updated its COVID-19 guidelines to
acknowledge that aerosolized particles smaller than

droplets can linger in indoor air for minutes to hours,

increasing the risk of exposure. It's also important to

consider that SARS-CoV-2 may spread via other routes
beyond contaminated droplets (Morawska et al., 2009;

Piscitelli et al., 2022a).Surfaces touched by infected

individuals, as well as water, sewage, trash, or soil, can

serve as channels for transmission (Gogoi et al., 2023;
Onakpoya et al., 2021).  However, the duration for which

infectious virus particles can survive in airborne

suspension is still debated. The risk of COVID-19

infection decreases as the distance from the source
increases and as more time passes since exhalation. 

Heavier respiratory droplets carrying the virus fall to the

ground or surfaces due to gravity, while smaller droplets

and aerosols stay suspended in the air and disperse as they
mix with larger volumes and flows of air (CDC, 2020, 

2021). Environmental factors such as temperature,

humidity, and UV radiation can also influence the

degradation of viral particles over time (CDC, 2020, 
2021). These elements may have a significant role in the

developing seasonal pattern of the SARS-CoV-2 epidemic

waves.

Meanwhile, several studies have indicated that SARS-
CoV-2 can persist in the human gastrointestinal system, 

suggesting that human excreta may represent a new route 

of transmission for the virus (Machkovech et al., 2024). 

Notably, SARS-CoV-1 nucleic acids were detected in 
patient excreta and urine, remaining viable for 3 to 17 days 

(Parida et al., 2023). Hung et al. (2004) found up to 107 

copies of SARS-CoV-2 RNA per milliliter of stool and 2.5 

x 104 copies per milliliter of urine. Additionally, Xiao et 
al. (2020) reported that 39 of 73 hospitalized SARS-CoV-

2-infected patients had positive stool samples, with

23.29% of them continuing to test positive for the virus

even after viral RNA was no longer detectable in the
respiratory tract. SARS-CoV-2 was also found in the stool

of an asymptomatic child whose respiratory samples were

negative for the virus (Tang et al., 2020a). A recent study

examined the durability of different types of personal
protective equipment (PPE) widely used by medical

professionals and the general public during the pandemic

(Kasloff et al., 2021). Their research showed that SARS-
CoV-2 RNA could remain on various PPE for different

lengths of time. For example, the virus was detectable on

face shield plastic and N-95 masks for up to 21 days, while

Tyvek, which is a synthetic material made from high-
density polyethylene (HDPE) fibers maintained the virus

for 14 days, nitrile gloves for 7 days, and cotton fabric for

about 4 hours at 20°C and a relative humidity of 35% to

40%. These results suggest that the existing water
infrastructure connected to hospitals, public spaces,

homes, toilets, drains, runoff, and water treatment systems

could play a role in the widespread transmission of the 

virus. The study highlights the importance of proper PPE 
management in high-risk settings and suggests using 

cotton-based materials, such as cotton masks, as they show 

lower viral persistence, potentially helping control the 

spread of COVID-19. Similar to how norovirus and 
rotavirus have been documented to spread through 

aerosolization during wastewater (WW) and sludge 

treatment (Pasalari et al., 2019), SARS-CoV-2 could also 

be transmitted through water-soil-food pathways. 
Therefore, further research is needed to evaluate the public 

health risks associated with the aerosolization of SARS-

CoV-2-contaminated WW and the inhalation of infectious 

bioaerosols (Kanwar et al., 2023).While water and air have 
received considerable attention regarding SARS-CoV-2 

transmission, soil as a potential secondary transmission 

route has been relatively understudied. Moreover, storm 

water runoff from agricultural regions can carry 
contaminants, including SARS-CoV-2, into surface or 

groundwater bodies (Kanwar et al., 2023). Continuous 

sewage discharge can also impact soil ecosystems, 

potentially serving as a reservoir for the virus and 
contributing to secondary transmission sources. To fully 

understand SARS-CoV-2 transmission, it is essential to 

investigate the interactions of various environmental 

factors, including air, water, soil, and food. Figure 1 
illustrates potential pathways for the SARS-CoV-2  in 

water and soil environments, highlighting the need for 

continued research in this area.  

This review aims to explore the unprecedented 
environmental impacts of the COVID-19 pandemic, 

drawing on a thorough synthesis of global data from 

multiple fields. The novelty lies in its examination of the 

intricate interactions between the virus and environmental 
factors, encompassing air quality, water quality, noise 

pollution, and greenhouse gas emissions. Furthermore, it 

aims to elucidate the pathways through which SARS-CoV-

2 transmission is influenced by environmental conditions, 
paving the way for effective mitigation strategies. Through 

this endeavor, the review underscore the broader 

implications of the pandemic on environmental 

sustainability and advocate for transformative practices 
that prioritize both human health and ecological well-

being. 

Figure 1. Potential pathways for SARS-CoV-2 

transmission in aquatic and soil ecosystems. 

ENVIRONMENTAL DETERMINANTS OF SARS-

COV-2 TRANSMISSION 

Research Group on COVID-19 and air pollution  

Investigating the relationship with particulate matter: A 

growing body of evidence suggests an interesting 
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connection between air pollution levels and the incidence 

of COVID-19. For instance, regions with elevated levels 
of particulate matter (PM) have reported higher rates of 

COVID-19 cases (Domingo and Rovira, 2020). 

Additionally, studies have detected SARS-CoV-2, the 

virus responsible for COVID-19, in outdoor air PM in 
urban areas of Northern Italy and the United States of 

America (USA) (Setti et al., 2020a). Furthermore, 

Linillos-Pradillo et al. (2021) examined the presence of 

SARS-CoV-2 RNA in outdoor air samples of PM-10, PM-
2.5, and PM-1, using data collected between May 4 and 

May 22, 2020, in Madrid. The study employed MCV high-

volume samplers with three inlets to gather samples using 

quartz fiber filters. The RNA extraction and amplification 
procedures were conducted following methods established 

by Setti et al. (2020) in Italy. The researchers concluded 

that the lack of detectable viral genomes could be due to 

several factors, including reduced social interactions, 
widespread mask usage, and economic restrictions, all of 

which likely helped curb the spread of the virus. 

Additionally, lower daily PM levels and rising 

temperatures during the spring season may have 
contributed to the observed findings. 

Regarding the assessment of prolonged air pollution 

exposure and a potential rise in the severity of COVID-19 

health effects, including mortality, Wu et al. (2020d) 
addressed the problems and outlined prospective paths and 

prospects. The same authors had previously noted that 

after adjusting for various area-level factors, higher 

historical exposures to PM-2.5 in the USA were associated 
with increased COVID-19 death rates at the county level 

(X. Wu et al., 2020e). However, the published study 

remains preliminary in assessing the impact of air 

pollution on the geographic spread of the disease, both 
locally and globally. Beyond any potential connection to 

COVID-19 transmission, there are many other compelling 

reasons to take strong action to reduce air pollution. The 

WHO 2021 report highlights that exposure to ambient air 
pollution is responsible for 4.2 million preventable deaths 

annually worldwide, along with numerous adverse health 

effects, including respiratory and cardiovascular diseases. 

In a study across 36 Organisation for Economic Co-
operation and Development (OECD) countries, Barnett-

Itzhaki and Levi (2021) examined the relationship between 

long-term, population-weighted exposure to PM-2.5 and 

NOx and the resulting morbidity and mortality over time 
following the first confirmed COVID-19 case. PM-2.5 

levels were significantly associated with COVID-19 

morbidity and mortality at 10, 20, 40, and 60 days, while 

NOx concentrations and population density correlated 
with these outcomes at 60 days. Continued exposure to air 

pollution above WHO guidelines may increase COVID-19 

morbidity and mortality.  

De Angelis et al. (2021) conducted an ecological study 
investigating the effects of prolonged exposure to PM and 

nitrogen dioxide (NO2) on COVID-19 incidence and 

overall mortality. Their findings revealed a significant 
increase in COVID-19 cases as levels of PM-2.5 and PM-

10 rose (58% and 34%, respectively). Additionally, a 

10µg/m3 annual increase in PM-2.5 was linked to a 23% 

increase in all-cause mortality. In contrast, NO2 levels 
were negatively correlated with both COVID-19 incidence 

and all-cause mortality. Similar results were observed by 

Mele et al. (2021) and Gujral and Sinha (2021), who used 

separate neural networks to monitor these trends in Paris, 
Lyon, Marseille, Los Angeles, and Ventura. Moreover, 

Sangkham et al. (2021) conducted research in the Bangkok 

Metropolitan area, also highlighting the impact of air 

quality on viral dissemination. Evidence suggests that both 
short- and prolonged exposure to air pollution exacerbates 

respiratory disease symptoms and raises mortality rates, 

aligning with early investigations of COVID-19 death 

rates. However, these findings require further verification 
and support, considering individual-level risk factors 

(Piscitelli et al., 2022a). Zhu et al. (2021) highlighted the 

detrimental effects of PM on various aspects of human 

health, including the respiratory, circulatory, neurological, 
and immune systems, as well as their potential 

toxicological mechanisms. In addition, studies of the early 

COVID-19 outbreak in Northern Italy (Ho et al., 2021) and 

the Catalan Tarragona Province in Spain (Marquèsand 
Domingo, 2022) provided detailed accounts of the 

potential effects of both short- and long-term exposure to 

air pollution on COVID-19 risk and mortality rates. While 

there was notable county-level variability, Zhu et al. 
(2021) found compelling evidence that wildfires in the 

USA amplified the effects of short-term exposure to PM-

2.5 on COVID-19 cases and fatalities. 

Gaseous pollutants and COVID-19: A study conducted 

across 66 administrative districts in Italy, Spain, France, 

and Germany explored the relationship between COVID-

19 and the distribution of tropospheric NO2. The results 
revealed that 78% of the 4,443 death cases occurred in five 

regions of northern Italy and central Spain, which also had 

the highest NO2 concentrations and downward airflow, 

impeding the effective dispersion of air pollution (Ogen, 
2020). In another study, researchers examined the 

correlation between pollution levels of SO2, CO, NO2, and 

ozone, and COVID-19 mortality. They found that a 10 

µg/m3 increase in NO2 and ozone was associated with a 
6.94% (95% CI: 2.38 to 11.51) and a 4.76% (95% CI: 1.99 

to 7.52) rise in daily confirmed COVID-19 cases, 

respectively. Additionally, a 1 µg/m3 increase in CO 

levels corresponded to a 15.1% (95% CI: 0.44 to 29.77) 
increase in daily confirmed COVID-19 cases. Conversely, 

a 10 µg/m3 increase in SO2 concentration was negatively 

correlated with COVID-19 cases, leading to a 7.79% 

decrease (95% CI: -14.57 to -1.01) in confirmed cases of 
the virus (Srivastava, 2021; Yang et al., 2020). These 

effects are illustrated in Figure 2. 

Figure2. Relationship between various pollution 
parameters with the number of COVID-19 cases 

These findings suggest that both short- and long-term 
exposure to air pollution, including PM and gaseous 

pollutants, may increase COVID-19 transmission, 

severity, and mortality. Air pollution could act as a carrier 
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for viral particles and exacerbate respiratory vulnerability, 

emphasizing the need for effective air quality 
management. Reducing emissions, improving urban 

ventilation, and enforcing pollution control measures 

could mitigate the health impacts of current and future 

respiratory viral outbreaks. Overall, these results highlight 
the critical role of environmental factors in shaping 

pandemic outcomes and the importance of integrating air 

pollution mitigation into public health strategies. 

Weather conditions and COVID-19: Numerous studies, 

conducted worldwide, have shown that different climate 
characteristics, such as temperature, humidity, sunshine, 

etc., substantially impact the number of coronavirus cases 

and deaths (Table 1). 

Table 1 Effect of various meteorological parameters on the number of COVID-19 cases and mortality 

Parameter Country Relationship and result 

Temperature China (10 affected 

provinces) 

Temperature and COVID-19 Asymmetric Nexus: Some trends are mixed, some 

indicate positive results, while a few show negative results (Shahzad et al., 2020) 
USA (New York) Number of COVID-19 cases drastically declines as average and minimum 

temperatures rise (Bashir et al., 2020) 

China (Wuhan) No evidence of a significant temperature increase to stop or delay the COVID-19 

infections (Iqbal et al., 2020) 
Italy A 1 oF increase in daily temperature on average resulted in a 6.4 case reduction each 

day (Sobral et al., 2020) 

Iran Temperature and COVID-19 do not significantly correlate (Ahmadi et al., 2020) 

China (17 different 
cities) 

The drop in daily confirmed case numbers was correlated with an increase in 
ambient temperature of 1 °C (Liu et al., 2020) 

Turkey The more COVID-19 cases there are on a given day, the lower the temperature is 

that day (Şahin, 2020) 

Indonesia (Jakarta) The number of COVID-19 cases is highly correlated with temperature (Tosepu et 
al., 2020) 

China The frequency of COVID-19 may be positively impacted by both lower and higher 

temperatures (Shi et al., 2020) 

Humidity USA (New York) The number of instances or the overall number of cases is not greatly affected by 

average humidity (Bashir et al., 2020) 

Iran Humidity and the rate of a virus outbreak are inversely related (Ahmadi et al., 2020) 
China (all 

provincial capitals) 

Absolute humidity was highly correlated, and an increase in AH of 1 g/m3 was 

significantly linked to a reduction in the number of confirmed cases (Liu et al., 2020) 

Turkey A rise in humidity is accompanied by a decline in the number of cases (Şahin, 2020) 

General The COVID-19 morbidity and mortality are inversely associated with air humidity 
(Biktasheva, 2020; Martinez et al., 2020) 

Rain Fall USA Rainfall and COVID-19 dissemination are inversely and sporadically connected 
(Bashir et al., 2020) 

Italy Disease transmission increased after a rainstorm. There was an increase of 56.01 

instances per day for every average inch per day (Sobral et al., 2020) 

Iran There is no connection between the frequency of COVID-19 cases and rainfall 
(Ahmadi et al., 2020) 

Indonesia (Jakarta) Rainfall and COVID-19 did not significantly correlate (Tosepu et al., 2020) 

Wind speed USA Wind speed has a negligible impact on the dissemination of the virus (Bashir et al., 

2020) 

Iran Significant outbreak occurs at low wind speeds (Ahmadi et al., 2020) 

Turkey More cases occur when the wind is blowing faster (Şahin, 2020) 

Solar 

Radiation 

Iran Survival of the virus is threatened by solar radiation. Infection exposure rates were 

higher in regions with low sun radiation values (Ahmadi et al., 2020) 

Temperature and COVID-19: Research aimed at 

establishing the link between temperature and COVID-19 

cases yielded highly unusual results. The majority of the 

relationships were facility- and location-specific 
(Srivastava, 2021). There is an asymmetrical relationship 

between temperature and COVID-19, according to a study 

done in the top 10 impacted provinces of China. According 
to Shahzad et al. (2020), five of the 10 provinces showed 

mixed trends between temperature and COVID-19 

instances, with three showing positive and two negative 

trends. Furthermore, the average and minimum 
temperatures were found to significantly correlate with 

COVID-19 instances in a different study carried out in 

New York (Bashir et al., 2020). An additional study 

conducted in Wuhan, China, disproves the findings of 

numerous other studies that suggested temperature played 

a key effect in limiting the spread of COVID-19. The 

findings did not support the idea that raising the 
temperature would help to contain or decrease COVID-19 

infections (Iqbal et al., 2020). Meanwhile, in a different 

Italian investigation, it was discovered that a 1 oF rise in 
the daily average temperature resulted in a 6.4 per day 

decrease in the number of cases. However, in some 

instances, COVID-19 mortality did not exhibit a 

statistically significant correlation with temperature 
(Ahmadi et al., 2020; Sobral et al., 2020). A previous study 

conducted across 17 Chinese cities found that an increase 

of 1°C in ambient temperature and the diurnal temperature 
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range was linked to a decrease in the number of daily 

confirmed COVID-19 cases (Liu et al., 2020). In contrast, 
a study from Turkey suggested that on days with higher 

numbers of COVID-19 cases, temperatures were generally 

lower (Şahin, 2020). However, a study in Jakarta, 

Indonesia, found no significant correlation between 
temperature and the number of reported cases (Tosepu et 

al., 2020).  

Humidity and COVID-19: Numerous studies conducted 
worldwide have highlighted the significant role that 

humidity plays in COVID-19-related morbidity and 

mortality. A study in New York found that average 

humidity had no effect on the overall number of cases 
(Bashir et al., 2020). Conversely, research in Iran indicated 

a negative correlation between humidity and the rate of 

virus outbreaks, although high virus transmission was 

observed in two humid regions of the country (Ahmadi et 
al., 2020). A study examining all of China's provincial 

capitals revealed that Absolute Humidity (AH) 

significantly reduced the number of confirmed cases in 

four cities. Additionally, a meta-analysis by Liu et al. 
(2020) showed that each 1 g/m3 increase in AH was 

notably associated with a decrease in confirmed cases. In 

Turkey, there was a strong correlation between humidity 

and daily case numbers, with the overall trend indicating 
that as humidity increased, the number of cases decreased 

(Şahin, 2020). Furthermore, another Chinese study found 

no correlation between COVID-19 frequency and AH (Shi 

et al., 2020). A notable study found that as of March 10, 
2020, South Korea, Japan, Iran, and Northern Italy 

experienced the highest levels of Covid-19 community 

transmission. Despite varying relative humidity (ranging 

from 44% to 84%), these regions consistently showed low 
specific humidity (3–6 g/kg) and AH (4–7 g/m3) levels 

(Sajadi et al., 2020). 

Rainfall and COVID-19: There have been few studies 
examining the relationship between COVID-19 and 

rainfall. Bashir et al. (2020) conducted a study in the USA 

and found a sporadic and negative association between 

rainfall and disease spread, with higher transmission rates 
in areas experiencing more rainfall. Sobral et al. (2020) 

observed an increase of 56 cases per day for each inch of 

average daily rainfall. However, a separate study by 

Ahmadi et al. (2020) in Iran found no link between rainfall 
and COVID-19 cases. Similarly, research in Indonesia by 

Tosepu et al. (2020) also reported no significant 

relationship between rainfall and the spread of the virus. 

Wind speed and COVID-19: Limited research has been 

conducted on the significance of wind speed in COVID-19 

transmission. While generally not considered a significant 

factor, a study in the USA by Bashir et al. (2020) suggests 
that wind speed may have a modest yet noteworthy impact 

on virus spread. Conversely, an Iranian study by Ahmadi 

et al. (2020) found a notable increase in outbreaks during 
periods of low wind speed. Interestingly, a study in Turkey 

identified a strong correlation between the number of cases 

and average wind speed over 14 day (Şahin, 2020). It 

suggests that this timeframe is crucial for assessing 

correlations accurately, emphasizing the importance of 
considering wind speed over this duration when analysing 

COVID-19 transmission dynamics. 

Solar radiation and COVID-19: Research on the 
connection between COVID-19 and solar radiation 

remains limited. An Iranian study suggested that solar 

radiation poses a threat to the virus's survival, with regions 

experiencing lower sun radiation exhibiting higher rates of 
illness exposure (Ahmadi et al., 2020). Figure 3 illustrates 

the relationship between different meteorological 

parameters and the number of COVID-19 cases. 

The reviewed studies indicate that meteorological 
factors, including temperature, humidity, rainfall, wind 

speed, and solar radiation, may influence COVID-19 

transmission, but the results are highly variable and 

location-specific. While some studies suggest higher 
temperatures and humidity reduce case numbers, others 

report no significant correlations, highlighting 

inconsistencies across regions and methodologies 

(Srivastava, 2021; Bashir et al., 2020; Şahin, 2020). 
Limited research on rainfall, wind speed, and solar 

radiation further complicates understanding of their roles 

in viral spread. These inconsistencies reveal critical 

research gaps, including the need for standardized, multi-
location, longitudinal studies that account for confounding 

factors such as population density, human mobility, and 

public health interventions. Addressing these gaps would 

improve the predictive value of meteorological models and 
inform public health strategies for mitigating COVID-19 

and other respiratory virus outbreaks under varying 

environmental conditions. 

Figure 3. Relationship between various meteorological 

parameters with number of COVID-19 cases 

Positive link between outdoor air pollution and COVID-

19 incidence and severity 

Recent continental and national studies: A variety of 

studies have been carried out globally, especially in 
countries heavily impacted by COVID-19, to explore how 

different air pollution factors influence mortality rates and 

case numbers related to the virus, as shown in Table 2. 
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Table 2. Overview of the findings from recent studies on the impact of air pollution on SARS-CoV-2 transmission and COVID-

19 outcomes. 

Study objectives Key outcomes and summary Reference 

To investigate how PMs may have 

played a role in the COVID-19 

outbreak in cities across Italy  

An increase in COVID-19 infection is associated with both short-term 

and prolonged exposure to high amounts of contaminants. To confirm 

the varying susceptibility to infection between PM-exposed and 

unexposed cells, COVID-19 infection should be assessed with 

angiotensin-converting enzyme 2 (ACE2) expression after PM exposure. 

(Comunian et al., 

2020) 

Exploring potential linkages: Air 

quality and SARS-CoV-2 spread in 

India's affected regions 

In environments with moderate-to-high humidity, polluted conditions 

can increase the transmission rate of SARS-CoV-2. 

(Manoj et al., 2020) 

Impacts of air pollution on COVID-

19 spread and mortality 

The susceptibility to infection and mortality from COVID-19 may be 

increased by exposure to air pollution, particularly NO2 dioxide and PM-

2.5.The prognosis of individuals with SARS-CoV-2 infection can be 

negatively impacted by air pollution. 

(Ali and Islam, 2020) 

Studying the transmission and 

lethality of COVID-19 influenced 

by air pollution 

Chronic air pollution exposure has a significant impact on the spread and 

fatality of COVID-19. Compared to PM-10, PM-2.5 and NO2 had a 

stronger correlation with COVID-19. 

(Copat et al., 2020) 

Correlation between COVID-19 and 

ambient air pollution level 

Exposure to PM may impair immune function and cause dysregulation, 

making it more difficult to fend off viral invasion. 

The invasion of the virus may be accelerated by ACE2 overexpression 

brought on by PM exposure. SARS-CoV-2 transmission distance may 

increase due to airborne PM. 

(Wang et al., 2020a) 

To calculate the percentage of 

COVID-19 deaths that can be 

attributed to exposure to ambient 

fine particle air pollution over a 

lengthy period 

The risk of COVID-19 death is significantly increased by air pollution. (Pozzer et al., 2020) 

To provide a summary of SARS-

CoV-2 transmission pathways 

The research suggests that certain persistent factors influence the 

environmental behaviour and longevity of SARS-CoV-2. Outdoor risk 

factors, such as PM and aerosolized particles from wastewater treatment, 

should be closely examined because they may serve as carriers for the 

virus. 

(Senatore et al., 2021) 

How exposure to outdoor pollution 

may impact the pathogenesis of 

COVID-19 and the SARS-CoV-2 

viral life cycle 

 PM, NO2, and ozone exposure may increase the risk of COVID-19-

associated immunopathology in exposed people by intensifying tissue 

inflammation and damage caused by the virus. 

(Woodby et al., 2021) 

Research from laboratory, animal, 

and human studies on how outdoor 

air pollution affects COVID-19 

Air pollution exposure, both short-termand prolonged, may, through a 

variety of mechanisms, be a significant aggravating factor for the 

transmission of SARS-CoV-2 as well as the severity and fatality of 

COVID-19. 

(Bourdrel et al., 2021) 

Possible relationship between air 

pollution and COVID-19 mortality 

and occurrence 

Air pollution, whether short-term or prolonged, may significantly 

contribute to the spread of SARS-CoV-2 through the air and could 

exacerbate the severity of COVID-19. Contact with NO2 and PM-2.5 was 

linked to COVID-19 cases and deaths more often than exposure to PM-

10. 

(Ali et al., 2021b) 

The part played and possible 

correlation between air pollution, 

particularly PM pollution, and the 

spread of COVID-19 

The distribution of COVID-19 seems to be positively correlated with 

atmospheric PM pollution. According to certain research, PM acts as a 

carrier of viruses, encouraging their airborne spread. 

Population resistance to infection may be weakened by exposure to 

ambient PM. 

(Maleki et al., 2021) 

Potential COVID-19 transmission 

pathways and various virus 

mutations through environmental 

media 

 SARS-CoV-2 may be spread via PM. Further research concentrating on 

the virus's environmental transmission channels is necessary to help 

avoid and manage the COVID-19 pandemic. 

(Shao et al., 2021) 

The relationship between the 

frequency, prevalence, severity, and 

mortality of COVID-19 and acute 

and chronic exposure to air pollution 

The most consistent contributors to COVID-19 include both short- and 

prolonged exposure to PM-2.5, as well as prolonged exposure to NO2. 

ozone exposure seems to have a connection with the occurrence of new 

cases only. 

Research evaluating the consequences of acute exposures showed 

significant bias risks. 

(Katoto et al., 2021) 

To recap the function of PM in the 

transmission of COVID-19 and the 
connection between COVID-19, 

PM, and ACE2 

There is scientific proof that PM levels and the SARS-CoV-2 spread are 

related. ACE2 is crucial to the COVID-19 pandemic. 

(Khan et al., 2021) 

COVID-19 is impacted by air 

pollution and climatic indices. 

The rate at which COVID-19 cases spread and their severity are 

influenced by air pollution and meteorological factors. 

These processes may encompass several factors such as air pollution-

induced comorbidities, damage to the respiratory system, increased 

pulmonary epithelial permeability, disruptions in immune and 

inflammatory responses, changes in metabolic pathways, and pollution-

driven elevation of ACE-2 receptor expression. 

(Zhao et al., 2021) 
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Table 2. (Continued). 
Study objectives Key outcomes and summary Reference 

Possible connections between PM 

and COVID-19 and several fatal 

human disorders 

PM exposure may aid in COVID-19 transmission and SARS-CoV-2 

spread. It is believed that oxidative damage and inflammatory responses 

are the main processes responsible for PM's detrimental effects. 

(Zhu et al., 2021) 

To examine the combined impact of 

SARS-CoV-2 transmission and 

ambient PM-2.5 exposure on 

worsening cardiopulmonary 

outcomes 

Exposed patients to air pollution are more vulnerable to contracting 

COVID-19, which puts them in a pre-inflammatory state. 

Air pollution impacts cardiovascular and respiratory health, and the 

existence of respiratory and cardiovascular comorbidities affects 

COVID-19 mortality and prognosis. 

Chronic air pollution exposure increases inflammation, making certain 

populations more susceptible to contracting COVID-19 

(Lai et al., 2021) 

Explore the research on SARS-CoV-

2 transmission during the COVID-

19 pandemic, focusing on why 

airborne transmission has been less 

impactful from an environmental 

standpoint. 

One reason for the reduced attention on airborne transmission could be 

the lower quantity of viruses in smaller droplets compared to larger ones. 

 SARS-CoV-2 in small droplets might bind or mix with existing PM, 

thereby allowing PM composition to influence their behaviour and 

eventual outcome. 

(Ram et al., 2021) 

China: To explore potential links between environmental 

factors and COVID-19 cases and deaths in Wuhan and 

Xiao Gan, Li et al. (2020) investigated various weather 

elements, the air quality index (AQI), and four pollutants 
(PM-2.5, PM-10, CO, and NO2). Their research suggests 

PM-2.5 and NO2 may influence the spread of COVID-19 

and found a correlation between disease frequency and 

temperature. In a similar study, Jiang et al. (2020) 
examined the potential links between air pollution, 

meteorological conditions, and daily COVID-19 case 

numbers in Wuhan, Xiao Gan, and Huan gang. The study 

focused on air pollutants such as PM-2.5, PM-10, SO2, 
CO, NO2, and ozone. The findings indicated that COVID-

19 risk was associated with both humidity and PM-2.5 

levels, while lower risks of COVID-19 were observed in 

relation to temperature and PM-10. 
Lin et al. (2020) examined the influence of 

meteorological elements and air quality across mainland 

China to understand the factors significantly affecting 

SARS-CoV-2 transmissibility. From January 21, 2020, to 
April 3, 2020, they analyzed meteorological variables and 

levels of PM-2.5, PM-10, CO, SO2, NO2, and ozone, 

correlating them with the COVID-19 basic reproductive 

ratio. Their findings highlighted that higher ambient CO 
levels posed a risk for increased SARS-CoV-2 

transmissibility in provinces with high flow, while higher 

temperatures, atmospheric air pressure, and effective 

ventilation lowered transmissibility. The impacts of 
meteorological variables and air pollutants varied 

regionally, with daily maximum temperature and 24-hour 

average NO2 concentration inversely associated with the 

basic reproductive ratio. In contrast, X. Zhang et al. 
(2021b) conducted a study analyzing time series data from 

December 1, 2019, to April 6, 2020, to assess the 

correlation between daily confirmed COVID-19 cases and 

various environmental factors. Their research examined 
concentrations of PM-2.5, PM-10, CO, NO2, SO2, and 

ozone, alongside meteorological variables. The study 

revealed significant positive correlations between daily 
new confirmed cases and short-term exposure to PM-2.5, 

PM-10, and NO2, indicating a strong link between air 

pollution and the spread of the virus.  

Italy: Italy was one of the hardest-hit countries in Europe 

during the initial phase of the current pandemic. 

Consequently, many studies investigating the relationship 

between air pollution levels and the spread of COVID-19 
have focused on Italy. For instance, Coccia (2020) 

conducted a study to identify factors contributing to the 

spread of COVID-19. They found a strong association 

between the rapid and widespread diffusion of COVID-19 

in Northern Italy and air pollution levels in cities, 
particularly those beyond the limits set for ozone or PM-

10. The study analyzed data from 55 district capitals in

Italy, focusing on cases of infection up until April 7, 2020. 

In addition, Leonardo Setti et al. (2020a) examined 34
outdoor PM-10 samples collected from an industrial area

in Bergamo Province, the epicenter of Italy's COVID-19

outbreaks, between February 21 and March 11, 2020. 

Their goal was to explore the potential role of PM in the
spread of COVID-19 in Northern Italy. The findings

suggested that SARS-CoV-2 could be present on outdoor

PM, and that the virus might associate with PM-10 under

stable meteorological conditions and high PM levels,
thereby increasing its persistence in the atmosphere. In a

subsequent study, Setti et al. (2020b) investigated whether

air pollution could have a "boost effect" on the COVID-19

outbreak, potentially contributing to rare "super-spreader
events." This Italian observational study, the first of its

kind, examined the early spread of the virus across 110

provinces and found a significant relationship between

daily PM-10 exceedances and the geographic spread of the
virus.

However, Zoran et al. (2020) explored the link 

between surface air pollution and the high rates of SARS-

CoV-2 infection, rapid spread, and mortality in the Milan 
metropolitan area. Their study, conducted from January to 

April 2020, investigated how common gaseous air 

pollutants like ozone and NO2, along with weather factors, 

influenced the spread of SARS-CoV-2. They observed a 
positive link between air ozone levels and a negative link 

between NO2 levels and the number of reported COVID-

19 cases, daily new infections, and overall mortality rates. 

The researchers suggested that air pollutants might impact 
COVID-19 transmission and severity by causing 

respiratory issues and weakening the immune system. 

Zoran et al. (2020) also highlighted the significant 
influence of atmospheric PM-10 and PM-2.5 on the rise of 

COVID-19 cases in Milan. They suggested that exposure 

to these PM, in combination with potential bacterial or 

viral carriers, could impair the immune system, potentially 
exacerbating the spread and severity of COVID-19 cases. 

In the Lombardy region, Dragone et al. (2021) investigated 

the relationship between air pollution, alongside 

meteorological patterns, and the SARS-CoV-2 illness 
spread. Their findings suggested that both air pollution and 
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climatic factors could potentially facilitate the spread of 

infectious virus particles. Similarly, Coccia (2021) 
analyzed statistical data from cities in Northern Italy, 

indicating support for the dynamic spread of SARS-CoV-

2. Specifically, low wind speeds were identified as a

potential factor prolonging the persistence of viral
particles like SARS-CoV-2 in contaminated air. However,

it's important to note that the spread of infectious diseases

is influenced by various factors, making this conclusion

tentative. On a related note, Accarino et al. (2021)
examined the relationship between COVID-19 metrics

(prevalence and mortality) and short-term exposure to PM-

2.5, PM-10, and NO2 during the first quarter of 2020. Their

findings indicated that an increase in the number of days
with PM-10, PM-2.5, and NO2 levels surpassing annual

limits was strongly correlated with higher COVID-19

prevalence, mortality, and lethality rates. In Italy, PM-2.5

and PM-10 had more substantial associations with these
rates compared to NO2. Similarly, Filippini et al. (2021)

observed a positive, non-linear relationship between

increased NO2 levels in the troposphere and higher

COVID-19 fatality rates in 16 provinces in Northern Italy
that were heavily impacted by the pandemic

In contrast, De Angelis et al. (2021) employed an 

ecological approach to investigate the effects of prolonged 

exposure to PM-2.5, PM-10, and NO2 on COVID-19 
prevalence and all-cause mortality in Lombardy from 

March to April 2020. Their study, which accounted for 

demographic, social, and meteorological factors, found 

that a 10 µg/m3 increase in the annual average levels of 
PM-2.5 and PM-10 from previous years correlated with a 

58% and 34% increase in COVID-19 prevalence, 

respectively. Furthermore, a 10 µg/m3 rise in annual PM-

2.5 concentration was associated with a 23% increase in 
all-cause mortality. However, they observed an inverse 

relationship between NO2levels and both COVID-19 

prevalence and mortality. Stufano et al. (2021) also 

investigated the short-term association between air 
pollution and SARS-CoV-2 susceptibility in Lombardy, 

factoring in climate effects. They found that short-term 

exposure to ozone, PM-10, and PM-2.5 was linked to 

higher COVID-19 prevalence, but they concluded that air 
pollution and climate were not key drivers in SARS-CoV-

2 transmission. This connection might reflect increased 

host susceptibility, potentially due to immune system 

vulnerabilities or exacerbated conditions tied to severe 
COVID-19 infections. 

Additionally, Ho et al. (2021) investigated the impact 

of PM-2.5, PM-10, NO2, SO2, and ozone on COVID-19 

incidence, mortality, and fatality rates, both short-term and 
prolonged, in Lombardy and Veneto over eight years 

(January 2013–May 2020). They found that exposure to 

SO2 significantly contributed to the COVID-19 pandemic 

by causing systemic and respiratory inflammation. Other 
pollutants had effects similar to those reported in earlier 

Italian studies. 

Studies from China and Italy have consistently shown 
positive associations between air pollutants—particularly 

PM-2.5, PM-10 and NO₂ and COVID-19 incidence and 

severity; however, these associations should be interpreted 

cautiously due to ecological study designs, limited time 
frames, and insufficient control for confounding factors 

such as meteorological conditions, mobility restrictions, 

and socioeconomic differences. Overall, the evidence 

suggests that air pollution may increase population 
susceptibility to respiratory infections rather than directly 

enhance viral transmission. Future studies should employ 

longitudinal or case-control designs with individual-level 

exposure assessments, high-resolution spatiotemporal 
modeling, and mechanistic analyses to clarify causality 

and inform targeted air-quality interventions for disease 

prevention. 

Fecal-transmission of SARS-CoV-2 
Viruses can be transmitted to humans through direct or 

indirect contact with contaminated fluids, such as surface 

water, food, and fomites (De Graaf et al., 2017; Radin; D. 
Xu et al., 2005). Another possible route of transmission is 

through feces, suggesting that SARS-CoV-2 may spread 

via this pathway as well (Figure 4). Recent data on 

COVID-19 has shown the presence of SARS-CoV-2 in the 
stool of affected patients. For example, an RT-PCR test 

conducted on a patient in Washington, USA, detected 

SARS-CoV-2 RNA in a stool sample taken on the seventh 

day of illness, even though serum samples tested negative 
(Holshue et al., 2020). Similar findings have been reported 

in other studies.(Y. Chen et al., 2020; Ling et al., 2020; A. 

N. Tang et al., 2020b; Y. Wu et al., 2020e; Yang et al.,

2020; J. Zhang et al., 2020a; Y. Zhang et al., 2020b). Even
after respiratory viral RNA tests negative, viral RNA can

persist in feces for up to 33 day. Several studies have

highlighted the potential for fecal transmission of SARS-

CoV-2. For example, Ong et al. (2020) found that samples
taken from a restroom used by a COVID-19-infected

patient tested positive for the virus on surfaces such as the

inside of the sink, the door handle, and the toilet bowl,

even after cleaning, though post-cleaning samples tested
negative. Similarly, van Doremalen et al. (2020) reported

that viable virus particles could survive in aerosols for at

least 3 hours and on plastic and stainless-steel surfaces for

up to 2 or 3 days. Additionally, Zhang et al. (2020b)
observed that the median duration of viral shedding in

respiratory tract swabs was 10 days, while it could persist

for up to 22 days in feces. Unhygienic environments, such

as public restrooms, may promote the fecal-oral spread of
the virus when individuals touch their mouth, nose, or eyes

with contaminated hands (Ong et al., 2020; van Doremalen

et al., 2020; Zhang et al., 2020b). However, the precise

mechanism of SARS-CoV-2 transmission via the fecal-
oral route remains uncertain (Xu et al., 2020), despite the

prolonged shedding of the virus from the digestive system

compared to the respiratory tract.

Figure 4. Fecal transmission of SARS-CoV-2. 

Based on the research mentioned, while SARS-CoV-2 
has been detected in the feces of infected individuals, there 

is no evidence supporting its presence in urine. Wang et al. 

(2020c) reported that no studies have confirmed the virus's 

presence in urine samples. Ling et al. (2020) suggested that 
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the rare transmission via urine or blood may be due to the 

low frequency of positive findings in patients.  
Detection of SARS-CoV-2 RNA in fecal samples and on 

contaminated restroom surfaces indicates the potential for 

fecal-oral transmission; however, current evidence 

remains largely indirect and based on RNA detection 
rather than isolation of infectious viral particles. The 

prolonged presence of viral RNA in feces, even after 

respiratory samples test negative, suggests possible 

gastrointestinal persistence, yet the absence of consistent 
findings of viable virus limits definitive conclusions. 

Environmental studies demonstrating surface 

contamination and viral stability on fomites support the 

plausibility of this pathway, but do not confirm its 
epidemiological significance. To clarify this potential 

route, future research should focus on isolating infectious 

virus from fecal samples, assessing viral viability under 

varying environmental conditions (temperature, humidity, 
pH), and conducting epidemiological investigations 

linking sanitation infrastructure and wastewater exposure 

to infection risk. Standardized protocols for sampling, 

detection, and viability testing, along with experimental 
models assessing gastrointestinal infectivity, are essential 

to establish whether fecal-oral transmission contributes 

meaningfully to SARS-CoV-2 spread. 

Presence of SARS-CoV-2 in WW sewage sludge, and 

surface water: Considering the initial reports of SARS-

CoV-2 detection in feces (Holshue et al., 2020; Wölfel et 

al., 2020; Wu et al., 2020b), sewage should be recognized 
as a potential reservoir for a significant number of 

infectious virions. Various sources contribute to the 

presence of SARS-CoV-2 in household and hospital WW, 

including sputum, handwashing, and feces from infected 
individuals. Numerous studies, as listed in Table 3, have 

explored the presence of SARS-CoV-2 in river water, 

sewage, and sludge. However, it's important to note that 
some researchers have focused on detecting the virus 

rather than quantifying it. Additionally, reported virus 

levels are often expressed in different units, posing 

challenges for comparisons between studies. This 
underscores the need for standardized methods and units 

to facilitate meaningful comparisons in future research 

efforts. 

In untreated WW, studies have reported varying rates 
of positive SARS-CoV-2 RNA detection, ranging from 

13.3% to 100%, with concentrations in some cases 

exceeding 106 copies per liter. SARS-CoV-2 RNA has 

been consistently detected in WW in multiple studies. For 
example, in the Netherlands, the first detection of SARS-

CoV-2 in sewage was reported, where 24-hour flow-

dependent composite samples exhibited concentrations 

ranging from 2.6 x 103 to 2.2 x 106 copies per liter 
(Medema et al., 2020). The identification of SARS-CoV-2 

RNA was carried out using reverse transcription-

quantitative polymerase chain reaction (RT-qPCR) with 

CDC N1, N2, and N3 assays, and viral concentration was 
achieved through ultrafiltration. Similarly, in 

Massachusetts, United States, F. Wu et al. (2020b) 

reported SARS-CoV-2 loads ranging from 103 to 105 

copies per liter in composite raw sewage samples, using 
ultracentrifugation and polyethylene glycol precipitation 

methods with a sample volume of 40 mL. In France, 

Wurtzer et al. (2020b) successfully recovered SARS-CoV-

2 from WW samples using ultracentrifugation, with virus 
concentrations identified by the E gene RT-qPCR assay 

ranging from 5 x 104 to 3 x 106 copies per liter, showing a 

trend of increasing viral concentrations during the 

exponential rise in coronavirus cases. 

Table 3. Occurrence of SARS-CoV-2 in sludge, WW, and river water. 

Nation Sample category Positive sample 

rates, number (%) 

Amount of SARS-CoV-

2 (copies per liter) 

Reference 

Spain 

Raw WW 4(66.7) 7.5x103- 15 × 103 (Balboa et al., 2020) 

Primary sludge 9(100)        104–4 × 104 

Biological sludge 9(100) 7.5 x103-10 x103 

Raw WW Secondary 

effluent 

35(83.3) 2(11.1) 2.5 × 105 (Randazzo et al., 2020b) 

Raw WW 13(86.7) 5.22–5.99 log10 (Randazzo et al., 2020a) 

Japan Raw WW 7(25.9) 2.1x104 – 4.4 × 104 (Hata et al., 2020) 

WW 1(20) 1.4x102–2.5x103 (Haramoto et al., 2020) 

Turkey Raw sewage 5(71.4) 2.89x103–1.80x104 (Bilge Alpaslan et al., 2020b) 

Sewage sludge 9(100) 1.17x104 −4.02x104 (Bilge Alpaslan et al., 2020a) 

USA Raw WW 18(81.8) Average 42.7 × 103 (Hyatt et al., 2020) 

Primary sludge 36(100) 1.7x106- 4.6 × 108 (Jordan et al., 2020) 

Raw WW 10(71.4) 104 – >2 × 105 (F. Wu et al., 2020a) 

Raw WW 7(100) >3x104 (Nemudryi et al., 2020) 

Raw WW 2(13.3) 3.2 log10 (Sherchan et al., 2020) 

Raw WW 120(60.6) 102–105 (Gonzalez et al., 2020) 

Raw WW 126(61) 66–390 (Weidhaas et al., 2021) 

Australia Raw WW 2(22.2) 19–120 (Ahmed et al., 2020a) 

France Raw WW 23(100) 5x104–3x106 (S Wurtzer et al., 2020a) 

Germany Raw WW Secondary 

effluent 

9(100) 4(100) 3.0 x103–20 × 103 

2.7–37 x103 

(Westhaus et al., 2021) 

Influent 44(86) 2.0 x103 –3.0 × 106 (Agrawal et al., 2021) 

India Raw WW 2(100) 0.78x102–8.05x102 (Kumar et al., 2020) 

Raw WW 30(100) 3.08 x104–2.19 x105 (Hemalatha et al., 2020) 

Raw WW 6(35.3) N.A (Sudipti et al., 2020) 

Italy Raw WW 6(50) N.A (La Rosa et al., 2020) 

Raw WW 4(50) N.A (Rimoldi et al., 2020) 

River waters 3(75) N.A
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Table 3. (Continued). 

Nation Sample category Positive sample 

rates, number (%) 

Amount of SARS-CoV-

2 (copies per liter) 

Reference 

Ecuador River water 3(100) 2.91x105–3.19x106 (Guerrero-Latorre et al., 2020) 

Netherlands Raw WW All* N.A (Lodder  de Roda Husman, 2020) 

Sewage 14(58.3) 2.6 x103–30 x103 

7.9 x105–2.2 x106 

(Medema et al., 2020) 

Pakistan Raw WW 21(26.9) N.A (Salmaan et al., 2020) 

Emirates  Raw WW 

33(85) 

2.86x102 –2.9x104 (Hasan et al., 2021) 

N.A: not available 

In Spain, Randazzo et al. (2020b) observed similar 

concentrations of SARS-CoV-2 RNA in untreated and 

treated WW samples using aluminum flocculation-based 

techniques and RT-qPCR assays (CDC N1–3), with levels 
estimated at approximately 2.5 x 105 copies per liter. This 

finding aligns with the research by Westhaus et al. (2021) 

in Germany, who employed centrifugal ultrafiltration and 

RT-qPCR targeting the M-gene or RNA-dependent RNA 
polymerase (RdRp). They reported SARS-CoV-2 RNA 

levels ranging from 3 x 103 to 2 x 104 copies per liter in 

influent and 2.7 x 103 to 3.7 x 103 copies per liter in effluent 

from 24-hour, flow-dependent composite samples. In 
Japan, Haramoto et al. (2020) detected SARS-CoV-2 RNA 

in secondary-treated WW samples using the 

electronegative membrane-vortex method and membrane 

adsorption-direct RNA extraction combined with the 
N_Sarbeco, CDC-N1, and CDC-N2 assays. Their results 

indicated approximately 2.5 x 103 copies per liter, about 

half the concentration reported by Randazzo et al. (2020b). 

In Australia, Ahmed et al. (2020a) used direct RNA 
extraction from electronegative membranes and 

ultrafiltration, detecting virus loads ranging from 120 to 19 

copies per liter in grab samples and untreated WW 

composite. Despite the widespread use of WW 
surveillance for SARS-CoV-2 monitoring, there is a lack 

of research on the stability and survivability of the virus in 

water or WW (Tran et al., 2021). While most studies on 

SARS-CoV-2 quantification and detection in sewage have 
not investigated viral viability, some research, such as that 

by Rimoldi et al. (2020) and Wang et al. (2020b) has 

shown that the virus' infectivity in WW is nonexistent. 

Meanwhile, Westhaus et al. (2021) evaluated the 
infectivity of raw WW using a viral outgrowth test and 

found no infectivity. 

In WW, SARS-CoV-2 concentrations are considerably 

lower than in feces, where levels can peak at 108 RNA 
copies per gram. This is due to significant dilution in the 

WW system, resulting in a 5-fold reduction in viral load 

(Foladori et al., 2020). The amount of SARS-CoV-2 in 

WW depends on the proportion of the population served 
by the sewer network who test positive for the virus, as 

well as on daily flow rates, which are estimated to dilute 

the viral load by approximately 1000 times. Additionally, 

factors such as rainfall can contribute further to the 
dilution process (Agrawal et al., 2021). Additionally, 

variations in pH, temperature, adsorption to solids, and 

settling, as well as differences in virus populations and 
infectivity, can occur along the sewer network (Foladori et 

al., 2020). The observed decrease in SARS-CoV-2 RNA 

levels in WW in Spain correlates with a decline in virus 

shedders within the community (Chavarria-Miró et al., 
2020). Interestingly, a sudden drop in SARS-CoV-2 RNA 

in sewage was noted following a large rainfall event, 

which introduced a significant dilution factor to the virus 

concentration in WW (Chavarria-Miró et al., 2020). This 

highlights the importance of considering environmental 

factors, such as rainfall, when interpreting WW 

surveillance data. To accurately and reliably characterize 

the viral content in sewage, the method, timing, and 
volume of sample collection are crucial. Virus levels may 

fluctuate significantly throughout the day, making 

composite samples collected over time preferable and 

possibly advisable. (Foladori et al., 2020). Studies have 
found varying quantities of SARS-CoV-2 RNA in sludge, 

ranging from 7.5 x 103 to 4.6 x 108 copies/L. Primary 

sewage sludge was found to contain a range of 1.7 x 106 to 

4.6 x 108 copies/L of SARS-CoV-2 RNA (Peccia et al., 
2020). However, secondary and biologically treated 

sludge showed lower levels of contamination, with ranges 

of 104–4 x 104 copies/L and 7.5 x 103–104 copies/L, 

respectively (Balboa et al., 2020).These results align with 
a study by Kocamemi et al. (2020) in Turkey, where 

SARS-CoV-2 RNA was found in 9% of sludge samples. 

The detected viral RNA levels ranged from 1.17 x 104 to 

4.02 x 104 copies/L Figure 5. 
The inability to isolate infectious SARS-CoV-2 from 

water environments does not necessarily indicate its 

absence; rather, it may result from challenges in detection 

methods (Bogler et al., 2020). The lack of standardized and 
optimized techniques remains a significant obstacle to the 

detection and quantification of SARS-CoV-2 in WW 

samples. According to Ahmed et al. (2020a), the 

difficulties in isolating the virus from WW samples can be 
attributed to various factors, including the sampling 

method, low virus concentration, and the sensitivity of 

detection techniques, particularly when dealing with low 

virus levels. Additionally, factors present in WW, such as 
temperature, pH, solids, disinfectants, and 

micropollutants, can contribute to the degradation and 

inactivation of the SARS-CoV-2 genome, potentially 

leading to virus inactivation (Kitajima et al., 2020). While 
RT-PCR and RT-qPCR are widely used as the gold 

standard for SARS-CoV-2 detection, they cannot 

distinguish between infectious and inactive particles, 

necessitating the use of cell culture infectivity tests to 
assess virus viability. Overcoming these challenges is 

crucial for establishing standardized and reliable 

techniques for virus quantification and detection (Kitajima 

et al., 2020; Lodder  and de Roda 2020; Tran et al., 2021). 
Recent research in Ecuador has identified the presence of 

SARS-CoV-2 RNA in rivers, with concentrations ranging 

from 2.91x105 to 3.19x106 copies/L. This suggests that 
contaminated natural water bodies could act as 

environmental reservoirs for coronaviruses such as SARS-

CoV-2, highlighting the importance of taking strict 

measures to prevent re-infection (Danchin et al., 2020). 
Particularly in low-income nations with inadequate 

sanitary infrastructure, concerns about potential dispersion 

are significant (Guerrero-Latorre et al., 2020).  
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Despite the presence of bodily fluids with high viral 

loads, such as sputum and saliva, in greywater discharged 
from sinks, showers, and drains, it is not considered a 

primary route for SARS-CoV-2 transmission (Wang et al., 

2020c; Wölfel et al., 2020). This may be due to the 

presence of disinfectants like detergents and soaps in 
greywater, which can reduce the persistence and 

infectivity of SARS-CoV-2 (Chin et al., 2020; Kampf et 

al., 2020). There is a growing need to evaluate the 

occurrence, persistence, and potential public health risks 
associated with SARS-CoV-2 in wastewater. Converging 

evidence could highlight the potential of wastewater-based 

epidemiology (WBE) to track the spread of SARS-CoV-2 

within communities. 

Figure 5. SARS-CoV-2 in sewage, sources, and eventual 

routes for spreading on soils, crops, and communities. 

Epidemiological significance of monitoring SARS-CoV-

2 in wastewater: The use of SARS-CoV-2 detection in 
WW as an early warning system to track current and future 

epidemic trends has gained significant attention, driving 

interest in WBE. Research has focused on the principles of 

this approach, with Orive et al. (2020) noting that changes 
in viral concentrations in WW can signal shifts in disease 

cases within human populations. This method involves 

measuring SARS-CoV-2 RNA markers in WW to monitor 

COVID-19 prevalence and gain insights into disease 

spread across communities (Holshue et al., 2020). 

WBE employs a theoretical approach that begins with 

measuring the concentration of SARS-CoV-2 in municipal 

WW from a known urban area serviced by a sewer system. 
This concentration, expressed in copies per cubic meter, is 

then multiplied by the daily WW flow rate to calculate the 

daily viral load in copies per day. The daily viral load is 

compared with the viral copies found in the feces of 
individuals who tested positive for SARS-CoV-2, aiding 

in the estimation of the number of positive cases in the 

urban area (Foladori et al., 2020). Recent studies confirm 

the effectiveness of this method in monitoring COVID-19 
spread. For instance, in Southeastern Virginia, variations 

in SARS-CoV-2 levels in WW correlated with 

documented outbreaks over 21 weeks (Gonzalez et al., 

2020). Similar patterns have been observed in the Boston 
metropolitan area, as well as in the USA, Australia, 

France, and Spain, establishing a link between SARS-

CoV-2 RNA levels in WW and clinical case surveillance 

(Ahmed et al., 2020a; Weidhaas et al., 2021; Wu et al., 
2020c; Wurtzer et al., 2020b). 

The study by F. Wu et al. (2020b) identified a notable 

discrepancy between COVID-19 prevalence estimates 

derived from WW analysis and clinical testing. While 
clinical tests reported a prevalence of 0.026%, viral levels 

detected in WW suggested a significantly higher estimate, 

ranging from 0.1% to 5%. Similarly, research conducted 

in Hyderabad, India, found that the estimated proportion 
of infected individuals (6.6%) exceeded the reported active 

cases (0.4%) (Hemalatha et al., 2020). This variation may 

be attributed to factors such as underreporting of 

asymptomatic or mildly symptomatic cases, constraints in 
testing capacity and accuracy, and delays between 

symptom onset and viral shedding (Hemalatha et al., 2020; 

Medema et al., 2020; F. Wu et al., 2020b).  

Contrary to previous findings suggesting a threshold 
for detecting SARS-CoV-2 in WW, Hata et al. (2020) 

observed its presence even when confirmed cases were 

less than 1 per 100,000, aligning with Wurtzer et al. 

(2020a). Moreover, delays in clinical confirmation after 
symptom onset mean reported cases may not reflect the 

true infection frequency during the study period. The 

accuracy of WW monitoring is influenced by factors such 

as viral load in feces and the sensitivity of detection 
methods. Efficient virus concentration is crucial for the 

reliable detection of SARS-CoV-2 in WW. Recent studies 

(Medema et al., 2020; Nemudryi et al., 2020; Wu et al., 

2020b; Wurtzer et al., 2020b) have explored various 
concentration techniques. Among these, Ahmed et al. 

(2020b) found that using an electronegative membrane 

combined with MgCl₂ pre-treatment was the most 

effective method for recovering SARS-CoV-2 from WW, 
using murine hepatitis virus as a surrogate. In contrast, 

Sherchan et al. (2020) demonstrated that the ultrafiltration 

method successfully retrieved SARS-CoV-2 RNA from 

untreated WW, while Jafferali et al. (2021) preferred the 
adsorption-elution technique with electronegative 

membranes. These differences highlight the need for 

further research to evaluate the effectiveness of existing 

virus concentration methods in accurately detecting and 
quantifying SARS-CoV-2 RNA in WW. 

Various assays have been developed to detect SARS-

CoV-2 by targeting genes encoding the nucleocapsid (N) 

protein, envelope (E) protein, and RNA-dependent RNA 
polymerase (RdRp), each with different detection limits. 

For instance, Corman et al. (2020) introduced a highly 

sensitive RT-qPCR assay targeting the N gene, capable of 

detecting as few as five RNA copies per reaction. The N 
gene is the most commonly used target in RT-qPCR tests 

(Corman et al., 2020; Shirato et al., 2020). Additionally, 

paper analytical devices (PADs) have gained attention for 

detecting viral nucleic acids due to their accuracy, 
simplicity, sensitivity, speed, and cost-effectiveness (Mao 

et al., 2020; Tran et al., 2021). These advantages make 

PADs a promising tool for SARS-CoV-2 detection in 

water environments (Orive et al., 2020; Mao et al., 2020; 
Tran et al., 2021). Still, most reports on WBE have focused 

on short-term studies (Orive et al., 2020). 

While WBE approaches hold promise for monitoring 

COVID-19 outbreaks, systematic evaluation and 
forecasting of these outbreaks have yet to be established 

(Polo et al., 2020). The current lack of comprehensive data 

suggests caution in using them as routine surveillance 
methods for COVID-19 (Amahmid et al., 2022). 

Challenges arise in correlating viral levels in WW with 

clinically confirmed cases, given varied transmission 

patterns and geographic regions. Addressing these 
challenges will require further research, particularly in 

optimizing sampling methods and establishing 

standardized protocols for viral concentration and 

detection in WW (Ahmed et al., 2020b; Orive et al., 2020). 
Despite these limitations, WBE can serve as an early 

warning system for monitoring SARS-CoV-2 in surface 
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waters. By monitoring river water at multiple locations 

near major sewage discharge sites, it becomes possible to 
detect potential increases in infection rates and 

subsequently control the spread of the virus (Amahmid et 

al., 2022; Núñez-Delgado, 2020). However, the full 

potential of this approach will depend on overcoming 
technical and logistical challenges and accumulating more 

robust data to validate its efficacy in real-world settings. 

SARS-CoV-2 persistence in soil 

Ensuring the health of plants, animals, and humans relies 

heavily on maintaining healthy soil conditions. Soil-

transmitted pathogens, such as viruses, can persist in the 

soil for extended periods, posing a risk of transmission to 
hosts via soil particles (Amoah et al., 2017). Human 

enteroviruses, for instance, have been documented to 

survive up to 100 d in soil (Duboise et al., 1976; 

Ekanayake et al., 2023).However, while there has been 
extensive research on the persistence and transmission of 

viruses in water, studies examining SARS-CoV-2 

persistence in soil environments remain limited.  

The soil environment is exposed to various 
contaminants, including solid waste, sewage from 

wastewater treatment plants (WWTPs), biosolids from 

landfills, and airborne particles (Ekanayake et al., 2023). 

Studies indicate that applying sewage to soil may promote 
pathogen survival and transport, largely due to the high 

organic matter content of biosolids (Horswell et al., 2010). 

Studies have shown that municipal sewage sludge 

spreading on land can lead to the contamination of soil and 
water with enteroviruses, which may persist for up to 14 d 

in soil (Pourcher et al., 2007). Moreover, Escherichia coli 

bacteria have been found to survive for four weeks in 

leachate produced from laboratory-treated sludge 
(Ekanayake et al., 2023; Pousada-Ferradás et al., 2012). 

Recent studies have detected SARS-CoV-2 RNA in 

sewage sludge, raising concerns about potential soil 

contamination. Traces of the virus have been found in 
primary sludge from municipal WWTPs in New Haven, 

USA, as well as in waste-activated sludge from WWTPs 

in Istanbul (J. Peccia et al., 2020b). Furthermore, the 

presence of SARS-CoV-2 in both treated and untreated 
sludge suggests that conventional WW sludge treatment 

methods may not be entirely effective in eliminating the 

virus (Serra-Compte et al., 2021). 

The presence of organic materials in sludge and the 
virus's hydrophobic nature may contribute to its affinity 

for sludge (Conde-Cid et al., 2021). Consequently, soil and 

crop plants may become contaminated in areas where 

sewage is used as a soil amendment, potentially leading to 
the contamination of food products (Núñez-Delgado, 

2020). Direct release of disinfected solid waste, 

application of untreated WW for irrigation, and disposal of 

medical waste on land further contribute to soil 
contamination with SARS-CoV-2. In outdoor hospital 

environments, SARS-CoV-2 has been detected in soil 

samples, with counts ranging from 205 to 550 copies/g in 
areas close to hospitals and WW treatment facilities 

(Zhang et al., 2021). The detection of SARS-CoV-2 in soil 

samples within two meters of WW treatment tanks 

suggests that outdoor hospital environments should be 
regarded as high-risk areas, potentially acting as secondary 

transmission pathways. Additionally, the improper 

disposal of PPE equipment , such as face masks and 

gloves, without adequate decontamination increases the 
likelihood of viral migration into the soil (Ilyas et al., 

2020). 

Viable SARS-CoV-2 viruses have been shown to 

persist on solid waste surfaces, potentially heightening the 
risk of soil contamination (Li et al., 2020b). Research 

indicates that SARS-CoV-2 can survive in soil 

environments for over ten weeks under favorable 

conditions, highlighting the need to quantify the virus in 
soil to assess future risks of transmission. This approach is 

similar to WW surveillance, which serves as an important 

epidemiological tool for tracking viral spread (Ekanayake 

et al., 2023). 
While there is limited evidence of SARS-CoV-2 

infecting humans or spreading through food and soil, 

precautions should be taken to prevent its migration to 

other environmental compartments. WW should undergo 
thorough screening before being applied to soil to mitigate 

the risk of COVID-19 transmission. Additionally, the 

disposal of PPEP M equipment and medical waste on land 

without proper decontamination could increase the risk of 
soil contamination with SARS-CoV-2 (Ekanayake et al., 

2023).  

DISCUSSION, IMPLICATIONS, AND FUTURE 

PERSPECTIVES 

The evidence accumulated to date demonstrates that the 

transmission dynamics of SARS-CoV-2 are influenced by 

a multifactorial interplay involving environmental, 
meteorological, and anthropogenic factors. 

Meteorological variables including temperature, humidity, 

rainfall, wind speed, and solar radiation have been 

investigated extensively for their role in shaping COVID-
19 incidence. However, the findings remain inconsistent 

and highly location-specific. While some studies suggest 

that elevated temperatures and higher humidity may 

reduce viral transmission, others report weak or non-
significant associations, reflecting heterogeneity in 

regional climatic conditions, population behaviors, and 

methodological approaches. For instance, research in 

China and Italy highlighted positive correlations between 
low ambient temperatures or specific humidity levels and 

higher COVID-19 cases, whereas studies in Indonesia and 

New York found negligible or mixed effects. These 

inconsistencies underscore the complexity of 
environmental determinants and indicate that 

meteorological factors alone cannot reliably predict 

SARS-CoV-2 spread. 

Air pollution, particularly exposure to fine PM (PM-
2.5, PM-10) and NO₂, has consistently been linked with 

increased COVID-19 incidence and severity. Evidence 

from China and Northern Italy indicates that populations 

exposed to higher levels of air pollutants exhibited 
elevated case numbers, mortality, and disease severity. 

The underlying mechanism is likely indirect: air pollutants 

may exacerbate respiratory and systemic inflammation, 

impair immune defense, and increase susceptibility to viral 
infections rather than directly promoting SARS-CoV-2 

transmission. These findings reinforce the broader public 

health importance of environmental quality and air 
pollution control as complementary strategies in pandemic 

preparedness. Moreover, regional variations in pollutant 

types and concentrations highlight the necessity of 

contextualizing epidemiological analyses within local 
environmental and demographic settings. 

WBE has emerged as a robust and non-invasive tool 

for monitoring SARS-CoV-2 prevalence at the community 

level. Detection of viral RNA in untreated and treated 
WW, primary and secondary sludge, and surface waters 

has provided valuable insights into infection dynamics, 
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particularly for asymptomatic or untested individuals. 

Studies across multiple countries including the USA, 
Spain, Japan, Germany, and Australia have demonstrated 

that viral RNA concentrations in WW often precede 

clinically confirmed cases, making WBE an effective early 

warning system. However, SARS-CoV-2 RNA 
quantification in WW is subject to several limitations, 

including dilution from variable flow rates, temporal 

fluctuations in viral shedding, rainfall events, and the 

technical sensitivity of concentration and detection 
methods. While RNA detection is robust, the infectivity of 

SARS-CoV-2 in WW appears negligible in most studies, 

suggesting that WW is primarily a monitoring medium 

rather than a significant transmission route. Nonetheless, 
in low-income regions with insufficient sanitation 

infrastructure, the potential for environmental 

dissemination warrants careful attention. 

Soil and sludge contamination represents an additional 
potential environmental reservoir for SARS-CoV-2. The 

persistence of viral RNA in WW sludge, coupled with its 

application to agricultural land or inadvertent release into 

the environment, raises concerns about indirect exposure 
pathways. Evidence suggests that SARS-CoV-2 can 

remain detectable in soil and sludge for extended periods, 

particularly in the presence of organic matter, moisture, 

and favorable physicochemical conditions. While direct 
transmission from soil to humans or through food remains 

unproven, improper management of sewage, sludge, and 

medical waste such as face masks and gloves may 

facilitate viral deposition in terrestrial ecosystems. These 
findings highlight the need for rigorous treatment of WW, 

decontamination protocols for medical waste, and 

consideration of soil as a potential environmental 

compartment in viral epidemiology. 
The public health implications of these findings are 

substantial. Integrating environmental and meteorological 

monitoring with WBE provides a cost-effective and 

sensitive means of tracking infection dynamics in real 
time, particularly in regions with limited clinical testing 

capacity. Furthermore, monitoring air quality and 

environmental contamination can inform targeted 

interventions to reduce population susceptibility and 
prevent secondary exposure events. The potential role of 

WW and soil as reservoirs emphasizes the importance of 

robust sanitation infrastructure, proper sludge 

management, and environmental hygiene to mitigate 
indirect viral transmission. 

Looking ahead, several key areas require attention to 

strengthen the utility of environmental surveillance in 

pandemic management. First, there is a critical need for 
standardized protocols for sampling, viral concentration, 

and detection in WW, sludge, and soil. Harmonization of 

methodologies including RT-qPCR targets, sample 

collection volumes, and timing will improve the 
comparability and reliability of findings. Second, 

longitudinal, multi-site studies incorporating diverse 

environmental, climatic, and demographic contexts are 
essential to disentangle confounding factors and elucidate 

causal relationships between environmental variables and 

SARS-CoV-2 transmission. Third, assessing viral 

viability, not just RNA presence, is crucial for accurately 
estimating infection risks associated with WW and 

environmental matrices. Fourth, integrative modeling 

approaches that combine meteorological data, air quality, 

WBE metrics, and epidemiological information can 
enhance outbreak forecasting and guide public health 

interventions. Finally, comprehensive risk mitigation 

strategies including advanced WW treatment, safe sludge 

management, and controlled disposal of medical waste are 
imperative to prevent environmental reservoirs from 

contributing to future outbreaks. 

CONCLUSION 

In conclusion, SARS-CoV-2 transmission is shaped by a 

complex, multifactorial interplay between environmental 

conditions, air quality, human behavior, and sanitation 

practices. While direct infectivity from environmental 
compartments such as wastewater or soil appears limited, 

these media serve as valuable surveillance tools that can 

provide early warnings and insights into infection 

prevalence. Addressing methodological gaps, 
standardizing detection techniques, and expanding 

longitudinal studies will be critical to fully realize the 

potential of environmental epidemiology. A holistic, 

integrated approach that combines meteorological 
monitoring, air quality assessment, WBE, and soil 

surveillance will not only enhance pandemic preparedness 

but also strengthen resilience against future respiratory 

viral outbreaks. 
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