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Abstract

Purpose of review There are significant differences in the transmission rate and mortality rate of COVID-19

under environmental conditions such as seasons and climates. However, the impact of environmental factors

on the role of the COVID-19 pandemic and the transmission mechanism of the SARS-CoV-2 is unclear. Therefore,

a comprehensive understanding of the impact of environmental factors on COVID-19 can provide innovative
insights for global epidemic prevention and control policies and COVID-19 related research. This review summarizes
the evidence of the impact of different natural and social environmental factors on the transmission of COVID-19
through a comprehensive analysis of epidemiology and mechanism research. This will provide innovative inspiration
for global epidemic prevention and control policies and provide reference for similar infectious diseases that may
emerge in the future.

Recent findings Evidence reveals mechanisms by which natural environmental factors influence the transmission
of COVID-19, including (i) virus survival and transport, (i) immune system damage, (iii) inflammation, oxidative stress,
the spread or mortality of COVID-19: (1) reducing air pollution levels, (2) rational use of ozone disinfection and medi-
cal ozone therapy, (3) rational exposure to sunlight, (4) scientific ventilation and maintenance of indoor tempera-
ture and humidity, (5) control of population density, and (6) control of population movement. Our review indicates
that with the continuous mutation of SARS-CoV-2, high temperature, high humidity, low air pollution levels, and low
population density more likely to slow down the spread of the virus.
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Introduction

Coronavirus disease 2019 (COVID-19) is defined as a
disease caused by the Severe Acute Respiratory Syn-
drome Coronavirus 2 (SARS-CoV-2), which is an emerg-
ing respiratory infection. COVID-19 can occur through
close contact with an infected person. The disease is
characterized by high transmission rate, long incubation
period, and global spread. On 11 March 2020, this dis-
ease was declared a global pandemic by the World Health
Organization (WHO) [1]. The outbreak of COVID-19
has caused many threats and dangers to human health,
including increased mortality and morbidity globally [2,
3]. The COVID-19 pandemic is challenging the world
economy and health systems and demonstrates the extent
of global interdependence and the need to address global
health threats [4].

Current research on COVID-19 mainly focuses on vac-
cines, viruses, hosts and drugs [5]. In contrast, research
on the impact of environmental factors on COVID-19
needs to be further carried out. The incidence of many
similar infectious diseases showed seasonal patterns,
including human coronaviruses [6]. COVID-19 is no
exception and may have seasonal epidemic peaks. There-
fore, understanding which environmental factors influ-
ence COVID-19 can allow planning and implementing
public health interventions and capacities to reduce the
impact of the disease. It will provide innovative inspira-
tion for global epidemic prevention and control policies
and provide reference for similar infectious diseases that
may emerge in the future.

Although SARS-CoV-2 transmission has been recorded
in almost all countries, there is significant spatial and
temporal heterogeneity in transmission dynamics, mor-
bidity and mortality across countries, regions and even
communities [7]. Many studies have investigated the
correlation between this spatial and temporal heteroge-
neity and environmental factors, including natural envi-
ronmental factors and social environmental factors [8].
Direct or indirect evidence shows that these environmen-
tal factors have an impact on the spread and development
of COVID-19 [9].

This research is used in Scopus, ISI scientific network
and PubMed database ("climate” OR "climate change" OR
"temperature” OR "precipitation” OR "relative humid-
ity" OR "wind speed” OR "sunlight" OR "wind speed"
OR “water resources” OR “solar radiation” OR “social
environment factor” OR “air pollution” OR “PM2.5” OR
“PM10” OR “ozone” OR “NO,” OR “CO” OR “wastewa-
ter” OR “heavy metal pollution” OR “sociodemographic
characteristics” OR “local policies” OR “socioeconomic
activity”) and ("COVID" OR "Coronavirus disease 2019"
OR "COVID-19" OR "SARS-CoV-2" OR "Novel Coro-
navirus" OR "COVID-19 transmission” OR " Novel
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Coronavirus transmission” OR "COVID-19 confirm
case"). Inclusion criteria are all relevant manuscripts that
assess the impact of environmental factors on the num-
ber of cases and incidence rate of COVID-19. Exclusion
criteria include comments, letters, editorials, conference
abstracts, and low-quality research.

This review summarizes the impact of environmental
factors on the transmission of COVID-19 and summa-
rizes studies from epidemiological evidence to mecha-
nisms. We divide environmental factors into natural
environmental factors and social environmental factors.
Natural environmental factors include air pollution, tem-
perature, humidity, wind speed, rainfall, solar radiation,
soil and water resources. Social environmental factors
include sociodemographic characteristics, local policies
and socioeconomic activity. Finally, there is a discussion
of the potential future directions in this field. Critical
assessments of these relationships can enhance estimates
of the risk of similar infectious diseases from environ-
mental exposures and guide the design of interventions
to slow the spread of the virus and protect vulnerable
populations from infection. This will provide innovative
inspiration for global epidemic prevention and control
policies and provide reference for similar infectious dis-
eases that may emerge in the future.

Natural environment factors and transmission

of COVID-19

Native environment factor

Temperature and humidity

The relationship between viral infections and mete-
orological conditions has been of concern in the past.
Researchers from China looked at the link between
temperature and humidity in more than 3750,000 con-
firmed COVID-19 cases from 185 countries. It found that
60.0% of confirmed COVID-19 cases occurred in places
with temperatures between 5C and 15°C, with a peak of
11.54°C. In addition, about 73.8% of confirmed cases are
concentrated in areas with absolute humidity of 3 g/m?
to 10 g/m> [10]. In Japan, researchers conducted a longi-
tudinal cohort study of 6,529 confirmed COVID-19 cases
across 28 geographical areas. The results showed that
the increase of the COVID-19 epidemic was significantly
correlated with the increase of daily temperature or sun-
shine duration [11]. Haque and Rahman found that high
temperature and high humidity significantly reduced the
spread of COVID-19, respectively. In Bangladesh, more
than four-fifths (84.2%) of the total cases were clustered
within the average temperature range (26-28°C) [12].
This is consistent with the results of a previous ecological
study, which found that the optimal ambient temperature
associated with SARS cases was between 16°C and 28C,
based on data from Hong Kong, Guangzhou, Beijing and



Gong et al. BMC Public Health (2024) 24:2196

Taiyuan [13]. The seasonal cycle of respiratory viral dis-
eases has been widely recognized for thousands of years.
The temporal trends of COVID-19 transmission pre-
sented a periodic fluctuation and reflected the seasonal
changes. In terms of time series, in line with the seasons
in Brazil, the average temperature and relative humid-
ity from March to May (autumn) had a significant posi-
tive effect on new cases, while the months from June to
August (winter) and September to November (spring)
had a negative effect [14].

In a systematic review of 17 studies has found that
climate parameters may be an important factor in the
spread of COVID-19. Cold and dry conditions enhance
the spread of the virus [15]. A systematic review of 62
publications were published between December 2019
and February 2021 on the association between climate
factors and the spread of COVID-19, found consistent
results that high temperatures may have significantly
influenced the spread of COVID-19 and suppressed
the pandemic [16]. Yuan et al. found that they may be
negatively associated with daily new cases of COVID-
19 in 127 countries when temperature, relative humid-
ity, and wind speed are lower than 20 °C, 70%, and
7 m/s, respectively. In a follow-up study, it found to be
inversely associated with daily new cases of COVID-19 in
188 countries when temperatures and relative humidity
below 21 °C and 64%, respectively. And in these two stud-
ies, the researchers found that temperature and humidity
were negatively correlated with the daily number of new
COVID-19 cases and deaths [17, 18]. In India, research-
ers found that most COVID-19 cases had surface tem-
peratures between 24 and 30°C and relative humidity
between 50 and 80 percent, which is highly dependent on
relative humidity at certain temperatures [19]. However,
some studies [20] report that SARS-CoV-2 transmission
is ineffective with increasing temperature. For the role of
meteorological parameters, this contradictory discovery
is mainly due to the difference in analysis methods and
limitation in data availability of each study.

Solar radiation, sunlight exposure, and wind speed

Other climatological factors can also affect the spread
of SARS-CoV-2, previous evidence shows that solar
radiation and wind speed also affect the spread of infec-
tious diseases [21, 22]. For example, in the tropical state
of Rio de Janeiro in Brazil, studies have found that high
solar radiation can be shown to be a major climatic fac-
tor in curbing the spread of COVID-19. Solar radiation
was positively correlated with the infection of COVID-
19. There was a significant negative correlation between
higher wind speed and lower incidence of COVID-19
[23]. Researchers in Iran found that areas with low
wind speeds and exposure to solar radiation had higher
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rates of infection, which helped the virus survive [24].
In a descriptive observational cross-sectional study
conducted in France, a significant negative association
between sun exposure and COVID-19 mortality was
observed [25]. Another study analyzed the correlation
between the meteorological parameters and the trans-
mission of COVID-19 in Baghdad, the capital of Iraq.
The results show that temperature, wind speed and
solar radiation are the primary meteorological param-
eters leading to the spread of COVID-19 in Baghdad
and are related to the confirmed cases and deaths of
COVID-19 [26]. But a study on the correlation between
solar radiation exposure and the COVID-19 pan-
demic in Jakarta, Indonesia, found different results.
The study found no significant correlation between
sun exposure and morbidity and death in patients with
COVID-19. Sunlight was significantly associated with
recovery from COVID-19 [27]. In the latest study,
Al-Khateeb et al. compared the association between
multiple regional weather conditions in the Northern
hemispheres, Southern hemispheres, and Irbid, Jordan
and COVID-19 transmission, found that the relation-
ship between wind speed and spread of COVID-19 was
oscillatory and insignificant on a worldwide [28]. Sta-
tistical results may not confirm a specific causal rela-
tionship between exposure to solar UV radiation and
disease variables such as morbidity and mortality [29].

Water resource

SARS-CoV-2 deposited on the surface of objects can
be washed into the surface runoff by rainfall. Although
the waterborne transmission of COVID-19 has not
been confirmed, the potential risk cannot be ignored.
Research therefore needs to answer whether hydro-
logical conditions (such as river length, lake area, pre-
cipitation and volume of water resources) are related
to COVID-19 outbreaks. For example, the research-
ers investigated the associations between hydrologi-
cal factors such as lake area, river length, precipitation
and volume of water resources in 30 regions of China
and the incidence of COVID-19. The results showed
that the number of confirmed COVID-19 cases was
moderately correlated with river length and precipita-
tion, but weakly correlated with water resources [30].
Precipitation had been analyzed in studies in Indone-
sia, the United States and Brazil, had not been found
to be associated with COVID-19 [31-33]. However,
other studies had also found that precipitation is posi-
tively correlated with the spread of COVID-19. Coun-
tries with higher rainfall showed an increase in disease
transmission. On average, there were 56.01 additional
cases per inch/day [33].
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Environmental pollution factor and transmission

of COVID-19

Air pollution

Epidemiologic evidence shows a strong link between air
pollution and COVID-19, contributing significantly to
the transmission and severity of COVID-19 [34, 35]. In
the United States, researchers used ecological regression
analysis to examine the relationship between long-term
(2000-2016) average PM2.5 concentrations and COVID-
19 mortality over 3,089 counties. After accounting for
many county-level confounders, researchers found that
a 1 pg per m® increase in PM2.5 was associated with an
11% increase in county-level COVID-19 mortality rate
[36]. The same results were found in another study, in
which researchers found a significant positive correlation
between 2016 average PM2.5 concentrations in 3,110
US counties and COVID-19 mortality [37]. An ecologi-
cal study in Italy found a positive correlation between
PM2.5 concentrations and excess mortality associated
with COVID-19 in Northern Italy. A one-unit increase
in PM2.5 concentration (ug/m?) is associated with a 9%
increase in COVID-19 related mortality [38]. Several
ecological studies in other countries such as China, UK
and Netherlands had found the same results, with areas
with poorer air quality are more likely to have elevated
COVID-19 incidence and mortality [39-41].

Short-term exposure to air pollution may also affect
COVID-19, with multiple studies finding that air pollu-
tion may affect recovery time, mortality, morbidity, and
emergency department visits [42]. For example, research-
ers conducted a case-crossover study of 78,255 emer-
gency department visits for COVID-19 in two Canadian
provinces. The study found a significant correlation
between PM2.5 and emergency department visits for
COVID-19 [43]. In Changsha, China, Liu et al. found
that long recovery duration among COVID-19 patients
was positively correlated with short-term exposure to
PM2.5, NO,, and CO [44]. The researchers also found
that COVID-19 patients with both Delta and Omicron
had an increased chance of developing early respiratory
COVID-19 manifestations after short-term exposure to
air pollution [45].

In addition to particulate matter (PM), which has been
widely studied, a number of studies have also involved
carbon monoxide (CO), nitrogen dioxide (NO,), ozone
(O®) and other air pollutants [46]. In a comparative study
of the impact of air pollution on COVID-19 in mul-
tiple countries, a correlation between pollutant gases
and COVID-19 risk was found in the United States,
Italy and Spain, while in China the relationship was
negative. Factors in air pollution have different associa-
tions with COVID-19 risk [47]. Another study looked at
446,440 COVID-19 cases, covering 4,609 census tracts in
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southern California. The pooled RR (95%CI) for the inci-
dence of COVID-19 associated with 1-year exposure to
NO, and O® were 1.09 (1.02, 1.17) per 3.2 ppb and 1.06
(1.00, 1.12) per 5.5 ppb respectively [48]. In Los Ange-
les, long-term exposure to NO, has been associated with
an increased risk of COVID-19 cases and mortality. The
researchers found that an 8.7 ppb increase in annual
mean NO, concentrations was associated with a 16—31%
increase in the rate of COVID-19 cases and a 35-60%
increase in mortality [49].

Wastewater
The waterborne transmission of COVID-19 has not been
confirmed. Early in the SARS-CoV-2 outbreak, it was
reported that live SARS-CoV-2 could be isolated from the
feces and urine of COVID-19 patients [50]. And accord-
ing to the experience accumulated during the SARS epi-
demic, sewage systems could also be contaminated by the
virus [51]. Different concentrations of SARS-CoV-2 have
been detected in wastewater in the Netherlands, Bel-
gium, Australia, and the United States [52-54]. To date,
there have been no studies in the public domain on the
persistence and survivability of SARS-CoV-2 in water
or wastewater. But a link between the virus and persis-
tence and survival can be found from previous studies
of coronaviruses. For example, human coronavirus 229E
can survive for 7 days in water at 23 °C [55]. Research-
ers performed SARS-CoV-2 RNA detection by real-time
RT-PCR and infectivity test on culture cells on three
river samples in Milan, Italy. Real-time RT-PCR results
showed positive, but infectivity was not effective [56].
Through the secondary utilization of wastewater and
the disposal of medical waste, SARS-CoV-2 can enter the
soil environment [57, 58]. In China, 20% of soil samples
taken near hospitals receiving COVID-19 subjects and
Wuhan sewage treatment plants recently tested positive
for SARS-CoV-2 RNA, with abundance ranging from
205 to 550 copies/g [59]. Similar to the research status of
viruses in water resources, the activity and infectivity of
viruses in soil resources have not been widely studied and
confirmed [60]. But there is no denying that the virus can
seriously affect soil health, and improper handling will
pose a threat to human and animal health.

Heavy metal pollution

Hydrosphere and pedosphere are essential natural
environment factors. Since heavy metals are not bio-
degradable, heavy metal ions in water and in soil be
biologically accumulated via the food chain towards the
human body. Most heavy metals, such as arsenic (As),
lead (Pb), mercury (Hg), and cadmium (Cd) are consid-
ered environmental pollutants [61]. Previous evidence
suggested that heavy metal exposure is associated with
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higher mortality from influenza or pneumonia [62]. In
the laboratory, heavy metal exposure has been found to
play a role in impaired mucociliary clearance, reduced
barrier function, airway inflammation, oxidative stress,
and apoptosis [63]. Exposure to these heavy metals after
COVID-19 infection may increase the risk of severe
COVID-19 through these abnormal or exaggerated
immune responses [64]. Studies had found that exag-
gerated immune responses are associated with multiple
organ system failure, COVID-19 hospitalization, and
death [65].

Chronic exposure to As, Cd, Hg, and Pb has been asso-
ciated with respiratory dysfunction and respiratory dis-
eases [66]. Solenkova et al. reviewed English-speaking
medical literature to find that Hg, Pb, Cd, and as are
associated with cardiovascular disease of atherosclerotic
origin [67]. In additional, epidemiologic studies have
found that cumulative exposure to heavy metal mixtures
is associated with obesity and its associated chronic dis-
eases, such as hypertension and type 2 diabetes [68].
These diseases have a significant impact on COVID-19.
For example, the most common comorbidities found in
COVID-19 cases in clinical studies are hypertension, fol-
lowed by diabetes. More comorbidities were associated
with poorer clinical outcomes. Obesity and type 2 diabe-
tes are risk factors for poor COVID-19 prognosis [69].

While it is true that heavy metals have impact on
COVID-19 patients, there is a lack of direct data link-
ing exposure to heavy metals to the risk and/or severity
of COVID-19. In a retrospective analysis of 306 patients
confirmed COVID-19 in China, researchers analyzed
levels of essential and/or toxic metals (classes) in whole
blood, depending on the severity and outcome of the dis-
ease. The results found that among severely ill patients,
the death group had higher levels of chromium and cad-
mium and lower levels of arsenic compared to the recov-
ery group [70]. One study found that COVID-19 patients
with elevated levels of chromium, cadmium, mercury
and lead in their urine had a poorer prognosis (severe
and non-severe) [71].

Social environment factor and transmission of COVID-19
Evidence linking sociodemographic characteristics

to transmission of COVID-19

Droplet or airborne transmission is the main route of
SARS-CoV-2 transmission, and higher population den-
sity often leads to the long-term spread of COVID-19
[72]. In Malaysia, areas with a high number of residents
and high population density have a greater number of
cases in proportion to the population of the area. The
correlation between COVID-19 cases and population
density was strongest in the central region [73]. Another
study using long-term data on the relationship between
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external demographic parameters such as total popula-
tion, population density and weighted population density
and the spread of COVID-19 in Malaysia found different
results. The results showed that there was a strong and
significant positive correlation between total population
and COVID-19 cases. However, a weak positive relation-
ship was found between density variables (population
density and weighted population density) and the spread
of COVID-19 [74]. But most studies show that increas-
ing population density in turn leads to an increase in
COVID-19 cases and deaths [75]. Population density is
thought to have a more significant impact on COVID-19
than meteorological factors. For example, the research-
ers investigated the correlation of spread and decay dura-
tions of the COVID-19 pandemic in China, the United
Kingdom, Germany, and Japan with temperature, humid-
ity, and population density. The results showed that prop-
agation duration and decay durations were significantly
correlated with population density, and the effect of pop-
ulation density was more significant than that of mete-
orological factors [76]. The characteristics of the built
environment at different spatial scales caused by differ-
ent population parameters will also affect the prevention
and spread of infectious diseases. Poor housing condi-
tions and high building density can lead to problems with
inadequate sanitation facilities, which will create an envi-
ronment conducive to disease transmission [77]. In Hong
Kong, China, for example, research had shown that high
transport accessibility, dense high-rise buildings, higher
density of commercial land, and a higher land use mix
are associated with a higher risk of being visited by con-
firmed cases. More green space, higher median house-
hold income, and lower commercial land density were
associated with a higher risk of housing with confirmed
cases [78].

There are race-related health disparities in the COVID-
19 pandemic, with higher morbidity and mortality rates
among ethnic minorities. Black workers most affected
by the outbreak are more likely to be employed in key
industries, in occupations that involve frequent exposure
to infections and close relationships with others [79].
But other studies had found little evidence that occupa-
tion affects infection rates. For example, infection rates
among frontline healthcare workers have not been shown
to be higher than those non frontline healthcare work-
ers. The strongest risk factors associated with COVID-19
infection among health care workers were neighborhood
infection rates and ethnicity [80]. In addition, risk factors
for developing COVID-19 in adults include age and gen-
der [81]. For example, Increased mortality from COVID-
19 was significantly associated with higher rates of
obesity in women and higher rates of smoking in men
[82]. There is growing evidence that COVID-19 produces
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more severe symptoms and higher mortality in men
than in women [83]. As a vulnerable group with reduced
immune system effectiveness, the elderly are often at a
higher risk of infectious diseases [84]. Susceptibility to
SARS-CoV-2 infection increases with age [85, 86].

Evidence linking local policies and socioeconomic activity
to transmission of COVID-19
Person-to-person transmission is the main way of trans-
mission of COVID-19. In response to the threat of the
epidemic, many countries have introduced measures to
restrict the movement of people. In Wuhan, China, for
example, there was a significant decrease in new cases
during the four-day lockdown. During that time, the
increase in new cases dropped by about 50%, with the
number of cases fluctuating on the fifth day and then
rapidly decreasing [87]. The researchers investigated the
movement of people and government restrictions as a
function during successive waves of SARS-CoV-2 muta-
tion in Canada. The results showed that in the first two
years, government restrictions were high, and turnover
was low, characterizing a ‘seek-and-destroy’ approach.
After this phase, the highly transmissible Omicron
(B.1.1.529) variant began circulating in NS at the end of
the following year, leading to an increase in cases, hos-
pitalizations, and deaths. During Omicron, although the
transmissibility (26.41 times) and lethality (9.62 times)
of the new variant increased, unsustainable govern-
ment restrictions and declining public compliance led to
increased population mobility [88]. In another cross-sec-
tional study, containment and confinement were found
to be significantly associated with overall mobility and
were associated with a reduction in SARS-CoV-2 infec-
tion [89]. Lockdowns also reduce air pollution, and NO,
concentrations can be used as environmental indicators
to evaluate the effectiveness of lockdowns. In the United
Kingdom, researchers found that exposure to NO,
dropped significantly during lockdowns, while exposure
to PM2.5 dropped relatively little [90]. In a Cochrane sys-
tematic review, 84 studies were analyzed and found that
isolation or microbiological testing, or a combination of
both, prevented further cases. These interventions may
have a positive shift in the development of the epidemic,
and case detection may improve [91]. It has also been
reported that 100% use of masks combined with lock-
down is a measure that can reduce the risk of additional
waves [92]. Masks could be one of the main pillars in the
fight against the virus [93]. Finally, with lockdown meas-
ures in place, maintaining adequate indoor air quality
levels is critical to slowing airborne viruses [94].
Socioeconomic activity has also been the focus of many
studies investigating the factors affecting COVID-19 [95].
Epidemics may accelerate during periods of economic
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activity, possibly because of an increase in the number of
people traveling, followed by an increase in human con-
tact. For example, studies had proved that international
trade exceeded other common parameters used to prove
the spread of COVID-19 due to economic, demographic,
environmental and climatic factors [96]. The sum of
international data on import and export trade can be a
complex but appropriate indicator for measuring the
underlying socioeconomic dynamics of geo-economic
areas [96]. Another study examined the role of trade in
the dynamics of epidemic spread within and between
countries in three large European countries: Italy, France,
and Spain. The findings suggest that the association
between trade and outbreak severity appears to be sup-
ported by empirical evidence, potentially introducing
new hypotheses to explain the dynamics of COVID-19
transmission within and between countries [97].

Mechanism of nature environmental factors
influencing the SARS-CoV-2

Native environment factor

Temperature and humidity

As noted above, there is growing epidemiologic evi-
dence that the risk of transmission of SARS-CoV-2 was
influenced by temperature and humidity. Many stud-
ies at the molecular level may further confirm this idea.
Temperature can promote changes in the molecular
structure of biomacromolecules (i.e., nucleic acids, pro-
teins, lipids) until affecting their function. In the case
of proteins, temperature is known to induce changes in
secondary and tertiary structures, resulting in structural
alterations that alter their stability and their role in regu-
lating cellular processes, signal transduction, and intrin-
sic enzyme properties [98]. For example, the researchers
used molecular dynamics simulation (MD) to reveal the
molecular basis of the effect of temperature on the SARS-
CoV-2 spike glycoprotein. The results showed that tem-
perature induced conformational change of S1 subunit of
SARS-CoV-2 spike glycoprotein that remodel the inter-
nal hydrogen bonding structure and especially affected
secondary structure of the main region of interaction
(RBD) of the spike glycoprotein of SARS-CoV-2 with the
human ACE2 receptor [99]. Relative humidity (RH) can
be considered an extrinsic factor for viral stability, as it
controls evaporation, which affects the size of viral drop-
lets, their physical fate, and their chemical microenviron-
ment [100]. Table 1 summarizes some key studies of the
effects of temperature and humidity on SARS-CoV-2 sur-
vival on different substrates. We found that the virus can
survive on many substrates, and the lower the tempera-
ture and humidity, the longer the half-life of the virus. In
one study, the half-life of the SARS-CoV-2 virus at 4 C
was three times that at 22 C. One of the studies in the
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Table 1 Study of temperature and humidity on the activity of SARS-CoV-2
Substrate Virus Virus titer Type Temperature Virus stability (hour  Reference
(°C) and relative (h))
humidity (%)
Human-biological SARS-CoV-2 5% 10% (TCID50) USA-WA1/2020 25°Cand 70% t1/2:23-1257h [104]
fluids
Human-biological SARS-CoV-2 5% 107 (TCID50) USA-WA1/2020 21 °Cand 60% t1/2:5.23-16.74 h [104]
fluids
Human-biological SARS-CoV-2 5% 10% (TCID50) USA-WA1/2020 13 °Cand 66% t1/2:15.98-54.34 h [104]
fluids
Human-biological SARS-CoV-2 5% 107 (TCID50) USA-WA1/2020 5°Cand 75% t1/2:33.37-121.83 h [104]
fluids
Surfaces under indoor  SARS-CoV-2 5% 10% (TCID50) USA-WA1/2020 25°Cand 70% t1/2:2.54-5.58h [105]
Surfaces under indoor  SARS-CoV-2 5x10* (TCID50) USA-WA1/2020 21 °C and 60% t1/2:3.5-12.86h [105]
[105]
Surfaces under indoor SARS-CoV-2 5% 10* (TCID50) USA-WA1/2020 13 °C and 66% t1/2:17.11-31.82h [105]
Surfaces under indoor  SARS-CoV-2 5x10* (TCID50) USA-WA1/2020 5°Cand 75% 11/2:47.94-121.78 h [105]
Steel DeltaB.1.617.2 1.1x10% pfu HCM/V/078 Room temperature 99% titre reduction [106]
and humidity (56h)
Steel Omicron BA.1.1.529 23 x 10 pfu HCMN/127 Room temperature 99% titre reduction [106]
and humidity (42h)
Laboratory equip- SARS-CoV-2 SuL Patient in the catarrhal 4 °C t1/2:273.36 h (glass [107]
ment phase slides)
Laboratory equip- SARS-CoV-2 5uL Patient in the catarrhal 24 °C t1/2:70.32 h (glass [107]
ment phase slides)
Non-porous surfaces ~ SARS-CoV-2 497%107 (TCID50)  Betacoronavirus/Aus- 20 °C and 50% 11/2:1.68-2.74d; [108]
tralia/SA01/2020
Non-porous surfaces ~ SARS-CoV-2 497%107 (TCID50)  Betacoronavirus/Aus- 30 °C and 50% t1/2:10.5-32.7 h [108]
tralia/SA01/2020
Non-porous surfaces ~ SARS-CoV-2 497%107 (TCID50)  Betacoronavirus/Aus- 40 °C and 50% t1/2:14-3.0h [108]
tralia/SA01/2020
Human-biological SARS-CoV-2 1% 10° (TCID50) USA-WA1/2020 4°C and 40% t1/2:33hand 5.8 h [109]
fluids
Human-biological SARS-CoV-2 1% 10° (TCID50) USA-WA1/2020 21 °C and 40% t1/2:3.1h [109]
fluids
Human-biological SARS-CoV-2 1x10° (TCID50) USA-WA1/2020 27 °C and 85% t1/2:1.5h [109]
fluids
Cat-biological fluids SARS-CoV-2 5% 10% (TCID50) USA-WA/2020 strain 25°Cand 70% t1/2:2.84-12.74 h [110]
Cat-biological fluids SARS-CoV-2 5x10* (TCID50) USA-WA/2020 strain 21 °C and 60% 11/2:2.71-8.1h [110]
Cat-biological fluids SARS-CoV-2 5% 10% (TCID50) USA-WA/2020 strain 13°Cand 66% t1/2:742-18.38 h [110]
Sheep-biological SARS-CoV-2 5x10* (TCID50) USA-WA/2020 strain 25°Cand 70% t1/2:4.16-6.64 h [110]
fluids
Sheep-biological SARS-CoV-2 5% 10* (TCID50) USA-WA/2020 strain 21°C and 60% t1/2:6.10-933 h [110]
fluids
Sheep-biological SARS-CoV-2 5% 10% (TCID50) USA-WA/2020 strain 13°C and 66% 11/2:9.04-99.95 h [110]
fluids
Polypropylene SARS-CoV-2 1% 10° (TCID50) HCoV-19 nCoV- 10 °C and 40% t1/2:26.55h [111]
WA1-2020
Polypropylene SARS-CoV-2 1x10° (TCID50) HCoV-19 nCoV- 10 °Cand 65% t1/2:14.22 h [
WA1-2020
Polypropylene SARS-CoV-2 1x10° (TCID50) HCoV-19 nCoV- 10 °Cand 85% t1/2:13.78 h [111
WAT1-2020
Polypropylene SARS-CoV-2 1x10° (TCID50) HCoV-19 nCoV- 22 °Cand 40% t1/2:643 h [111]
WAT1-2020
Polypropylene SARS-CoV-2 1% 10° (TCID50) HCoV-19 nCoV- 22 °C and 65% 11/2:241h 11
WAT1-2020
Polypropylene SARS-CoV-2 1%10° (TCID50) HCoV-19 nCoV- 22 °C and 85% t1/2:750h [111]

WA1-2020
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Table 1 (continued)
Substrate Virus Virus titer Type Temperature Virus stability (hour  Reference
(°C) and relative (h))
humidity (%)
Polypropylene SARS-CoV-2 1%10° (TCID50) HCoV-19 nCoV- 27 °C and 40% t1/2:343h [111]
WAT1-2020
Polypropylene SARS-CoV-2 1%10° (TCID50) HCoV-19 nCoV- 27 °C and 65% t1/2:152h [111]
WAT1-2020
Polypropylene SARS-CoV-2 1%10° (TCID50) HCoV-19 nCoV- 27 °C and 85% t1/2:2.79h [111]
WA1-2020
Polypropylene SARS-CoV-2 1% 10° (TCID50) HCoV-19 nCoV- 10°C t1/2:42.08 h [111]
WA1-2020
Polypropylene SARS-CoV-2 1% 10° (TCID50) HCoV-19 nCoV- 22°C t1/2:12.18h [111]
WA1-2020
Polypropylene SARS-CoV-2 1% 10° (TCID50) HCoV-19 nCoV- 27 °C t1/2:5.76 h [111]
WA1-2020

Abbreviations: t1/2 Half-life, h hour, TCID50 tissue culture infectious dose 50%/mL

table confirms that the virus is least active at 40% relative
humidity. It was also found that temperature seemed to
have a greater effect on viral activity than relative humid-
ity. However, neither temperature nor humidity can
instantly inactivate the virus under normal conditions
(Table 1). Some controlled studies of human nasal mucus
and sputum, as well as viral aerosols, have shown that
SARS-CoV-2 decayed faster at higher relative humidity
[101]. This is consistent with evidence of influenza virus
survival that influenza is best transmitted at low absolute
humidity [102, 103].

Some innate immune responses are suppressed at low
temperatures. The human upper respiratory tract is the
first contact site of inhaled respiratory viruses and the
body’s first line of defense against these foreign patho-
gens. Once bacteria are detected in the front of the nose,
the epithelial cells of the anterior nasal mucosa increase
the release of extracellular vesicles (EVs) several times.
These EVs enter the nasal mucus and have a direct anti-
bacterial effect. At the same time, EVs can arm the more
rear epithelial cells with immunoprotective proteins,
inducing a four-fold increase in the production of nitric
oxide in epithelial cells [112]. In a subsequent study,
Huang et al. further explored the EVs biological mecha-
nism, but found that the EVs-mediated potent antiviral
immune defense function was impaired by cold expo-
sure. At ambient conditions of 4.4 °C, the number of EVs
decreased by nearly 42%, while EVS-mediated functional
delivery and the ability to neutralize viruses were weak-
ened [113]. In addition, there is some research suggest-
ing that cellular immune responses may also be affected
by temperature and humidity. Mice airway epithelial
cells initiated a stronger antiviral response at higher tem-
peratures compared to lower temperatures [114], and
mice exposed to low humidity conditions were more

susceptible to influenza infection [115]. However, the
effects of seasonal fluctuations in immune response on
COVID-19 susceptibility and severity are still largely
unknown. When the temperature is low, the human
immune response is suppressed and the activity of the
virus is increased, which promotes the spread of the
COVID-19. When the temperature is high, it will change
the conformation of SARS-CoV-2 spike glycoprotein S1
and reduce the activity of the virus, thus inhibiting the
transmission of COVID-19. At 40% RH, the activity of
the virus is lowest, thus inhibiting the spread of the novel
coronavirus (Fig. 1A).

Solar radiation

Among the different climatological factors, sunlight has
been found to play an important role in determining the
spread of SARS-CoV-2. Sunlight contains a spectrum of
ultraviolet A (UVA), UVB, and UVC. UV germicidal is
a commonly used disinfection method, and it has previ-
ously been reported that UV can inactivate aerosolized
coronaviruses [116]. Lorca-Oro et al. used UV-C (100-
280 nm wavelength) to inactivate SARS-CoV-2 in a labo-
ratory simulating hospital intensive care unit conditions.
The results showed that after 12 min or more of UV-C
exposure, the titer was reduced by>99.91% to >99.99%,
and the minimum distance between the UV-C device
and the SARS-CoV-2 dry sample was 100 cm [117].
Under simulated sunlight conditions in the laboratory,
the researchers found that 90% of SARS-CoV-2 was inac-
tivated after 19 min of exposure under simulated winter
and autumn UV conditions, while some degree of inac-
tivation was achieved after just 8 min under simulated
summer conditions [118]. Several other studies have
found similar results, inactivating 90% of SARS-CoV-2
every 6.8 min in simulated saliva and every 14.3 min
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in culture medium when exposed to simulated sun-
light at the summer solstice (ultraviolet (UV) range:
280—400 nm) [119]. In the United States and most cities
around the world, 90% or more of SARS-CoV-2 will be
inactivated after 11-34 min of exposure to midday sun-
light in the summer [120]. Observation of the above stud-
ies found that SARS-CoV-2 is inherently sensitive to UV.
However, UVC can be absorbed by atmospheric ozone,
and sunlight reaching the Earth’s surface cannot directly
eradicate SARS-CoV-2 through virus-killing activity
[121].

UVB exposure is closely related to vitamin D synthe-
sis. The body relies primarily on sun exposure to meet its
vitamin D needs. UVB is absorbed by the 7-dehydrogen-
ated cholesterol in the skin, causing it to be converted
to pre-vitamin D3, which is quickly converted to vita-
min D3 [122]. Significant increases in vitamin D can be
achieved at very low UVB doses [123]. Solar radiation is
highest in summer and at lower altitudes. Studies have
found that in northern Europe, adequate vitamin D sta-
tus can be achieved through summer sun exposure. In

winter, however, the UVB radiation in the environment
is too low to produce any vitamin D [124]. Regardless
of skin type and ethnicity, there is almost no vitamin D
synthesis in winter and spring at latitudes >50°. Vitamin
D deficiency is associated with the severity of COVID-
19. In a meta-analysis, vitamin D deficiency was found to
be more severe in severe cases compared to mild cases.
Insufficient vitamin D levels increase hospitalization rates
and COVID-19 mortality [125]. Vitamin D can reduce
the risk of COVID-19 in the following ways (Fig. 1B):
(1) Vitamin D helps immune cells produce antimicrobial
peptides, which play an antibacterial and antiviral role
[126]; (2) Vitamin D can inhibit T cell proliferation and
the NF-kB pathway of B cells, and reduce the level of pro-
inflammatory cytokines [127]; (3) Vitamin D can prevent
the constriction response of pulmonary blood vessels in
COVID-19 [128]; (4) Vitamin D alleviates lung injury by
stimulating endothelial cell proliferation and migration,
reducing epithelial cell apoptosis, and inhibiting TGF-f3-
induced epithelial-mesenchymal transformation [129].
More research is required to evaluate the mechanisms
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whereby vitamin D might reduce the risk of COVID-19
[130].

Wind speed

There is strong evidence to support airborne trans-
mission of SARS-CoV-2 [131, 132]. The World Health
Organization (WHO) has identified inhalation of virus-
carrying aerosols as the primary mode of transmission
of SARS-CoV-2 over short and long distances. Airborne
transmission is defined as less than 5 pm with>1to 2 m
from an infected person [133]. Wind speed can strongly
influence the transport of virus-carrying aerosols [134].
Aerosols tend to rise because they are warmer than ambi-
ent air and are confined indoors by surrounding walls
and ceilings [135]. In open spaces, particles or droplets
produced by normal breathing can only be transferred
over short distances, and when sneezing or coughing,
particles carry nearly the same distance, with differ-
ences only within a certain range. The greater the air
flow outside, the greater the dispersion. One study found
that the distance of breathing particles is 0.65m, the dis-
tance of coughing is 1.63m and the distance of sneez-
ing is 2.86m [136]. In addition, studies have assessed
the risk of spreading infectious particulate matter while
chamber musicians play their instruments. It turns out
that no matter the volume, pitch, or content of the play,
it did not extend the range of the air flow [137]. While
wind speed cannot completely remove the spread of the
virus, ventilation helps remove aerosols that carry the
virus to reduce airborne transmission. For example, stud-
ies using simulations to track infected aerosol plumes in
real time have found that a stable state of the atmosphere
with low wind speeds, low-level turbulence, and cool,
moist ground conditions facilitates the spread of disease.
The trajectory model found that the virus can travel in
the air for up to 30 min, covering a radius of 200 m at
a time, 1-2 km away from the original source [138]. A
study used computational fluid dynamics to simulate
viral air flow in an office while investigating the effects
of different ventilation strategies on viral transmission.
The results showed that the ventilation strategy of single
ventilation had the highest infection probability [139].
Another study found that ambient winds (wind veloci-
ties range from 0 to 16 km/h) increase the complexity of
secondary flows. Even at 3.05 m, the droplets flow well
along the air stream and deposit on the human body and
head area. Due to wind convection, the remaining drop-
lets can travel above 3.05 m in the air, posing a potential
health risk to people nearby [140]. The study also found
that a reduction in ventilation rates or room capacity per
person, or an increase in the ratio of infected people to
susceptible people, would increase the distance of trans-
mission. Effective environmental prevention strategies
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for respiratory infections require an appropriate increase
in ventilation rates while maintaining sufficiently low
occupancy rates [141]. Therefore, different ventilation
strategies must be developed according to the actual
indoor conditions to reduce the transmission of viruses
in the air.

Environmental pollution factors

Particulate matter

The relationship between air pollution and COVID-19
is well-established. Further research has found that air
pollution can modify host susceptibility to infection and
modify the severity of disease [142]. Table 2 summarizes
some key in vivo studies of air pollution on COVID-19
related targets, immune cells, and oxidative stress. PM is
the main component of air pollutants. Many studies have
demonstrated that PM can increase the expression of
angiotensin-converting enzyme 2 (ACE2) and transmem-
brane protease serine type 2 (TMPRSS2). SARS-CoV-2
can use ACE2 as an entry receptor and TMPRSS2 to acti-
vate S protein [143]. Cell studies have shown that ACE2
expression has become a risk factor for the development
of COVID-19 [144]. Another study found that the expres-
sion of ACE2 and TMPRSS2 increased the infection rate
of SARS-CoV-2 [145]. Therefore, PM can increase the
expression of ACE2 and TMPRSS2 and affect the severity
and incidence of COVID-19.

Severe COVID-19 is associated with high inflammation
and elevated levels of inflammatory cytokines. Exposure
to air pollutants increases the number of pro-inflamma-
tory cytokines and immune cells that infiltrate the lungs,
leading to systemic inflammation and immune disorders
that reduce resistance to viruses (Fig. 2). Even low doses
of PM2.5 induce lung inflammation, oxidative stress, and
worsening lung impedance and histology in mice [153].
Once pathogens establish themselves, inflammation of
respiratory mucous membranes caused by exposure to
air pollution may lead to a higher risk of severe COVID-
19 outcomes through compound inflammation [155].
For example, studies in mouse models exposed to PM2.5
have found that PM2.5 may increase IL-1[ secretion
through the TLR4/MyD88 and NLRP3 inflammasome
pathways, leading to airway inflammation in mice [149].
Intranasal transfer of pulmonary microbiota in PM2.5
exposed mice has been found to influence PM2.5 induced
lung inflammation and oxidative stress, such as increased
levels of pro-inflammatory cytokines and dysregulation
of biomarkers associated with oxidative damage [154].
PM exposure may promote the development of cytokine
storms in SARS-CoV-2 infection.

PM2.5 not only damages the lungs directly exposed to
air, but also causes pathological changes in other organ
systems through excessive oxidative stress generated by
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mitochondria [156]. Inflammation, oxidative stress, and
cell death in alveolar epithelial cells caused increased
mitochondrial division and decreased mitochondrial
fusion when exposed to PM2.5 [157]. The enzymes NOX2
(produce reactive oxygen species) and Toll-like receptor
4 (TLR), have been shown to be critical for PM-induced
NADPH oxidase activation. PM2.5 triggers an increase in
phospholipid oxidation in the lungs, which then mediates
systemic cellular inflammation through TLR4/NADPH
oxidation-dependent mechanisms [152]. In the case of
influenza A virus infection, activation of NOX2 oxidase
can promote the production of reactive oxygen species
to inhibit antiviral and humoral signaling networks [158].
Therefore, PM can increase the infection rate of SARS-
CoV-2 by activating NOX2 to promote reactive oxygen
species. Contaminant-induced oxidative stress and cell
damage may worsen prognosis [159, 160]. Exposure to
air pollution-induced oxidative stress is a key mechanism
leading to cardiovascular morbidity and mortality [161].

Ozone

Ozone is also a common air pollution in cities. It is a
gaseous component that is produced by the interaction
of air pollution components such as nitrogen oxides
and organic compounds caused by sunlight. Inhaling
ozone is very toxic to the lungs. Table 3 summarizes the

mechanisms by which ozone may be associated with
COVID-19. After inhalation, ozone does not enter cells,
but comes into direct contact with the first layer of cells
on the surface of the airway, such as airway and alveo-
lar epithelial cells and airway macrophages [162]. These
cells release reactive oxygen species and various other
inflammatory mediators, including cytokines and lipids,
from oxidative damage to the airway epithelium [163].
Oxidative stress is a major pathogenic factor of COVID-
19. For example, it has been found that ozone stimulated
macrophages to secrete pro-inflammatory cytokines (IL-
la, IL-1B and IL-18), and IL-1a stimulated epithelial cells
to secrete CXCL1 and CCL2, thereby driving neutrophil
influx [164]. Another study found that canonical transient
receptor potential 6 (TRPC6) regulates NF-«B activation
and intercellular adhesion molecule-1 (ICAM-1) expres-
sion after exposure to ozone. TRPC6 deficiency attenu-
ates O3-induced recruitment of neutrophils to airway
epithelial cells and ICAM-1 expression [165]. In addition,
ozone can lead to loss of antioxidant Nrf2 and SOD activ-
ity in the body, enhanced intracellular oxidative stress
and increased HIF-1a signaling, resulting in a persistent
chronic inflammatory environment in the lungs [166].
Ozone can induce the expression of MAPK, NF-«B and
AP-1 proteins through TLR4/MyD88 pathway, result-
ing in inflammatory response. Heat shock protein 70
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(HSP70) was identified as a downstream mediator with
ozone mediated TLR4 effects [167]. Ozone also induced
apoptosis markers (lysed caspase 9) and autophagy mark-
ers (beclin-1) in alveolar macrophages and enhanced the
expression of MMP-2 and MMP-9 [168]. However, the
effects of ozone on different cell death pathways such
as necrosis, apoptosis, ferroptosis, and autophagy have
not been resolved [169]. These cell death pathways may
be responsible for the emphysema process induced by
oxidants. Just as ozone can make asthma worse, ozone
may increase the incidence and severity of COVID-19
by inducing inflammation, oxidative stress, and airway
remodeling (Fig. 3).

Ozone is an excellent biocidal agent due to its strong
oxidation, and its effectiveness against bacteria, fungi
and viruses has been proven [173]. Ozone can be eas-
ily applied to large and small areas for disinfection and
is broken down back into safe oxygen after treatment.
Ozone is particularly deadly to viruses through peroxi-
dation of lipid surface and subsequent damage to lipid
envelopes and proteins, and enveloped viruses such as
SARS-CoV-2 are more vulnerable to ozone attack [174].
Ozone has been shown to inactivate the SARS-CoV-2
virus on surfaces (such as plastic, glass, stainless steel,
gauze, wood, wool, copper, and coupons in ambulance
seats and floors) or in suspended fluids [175]. During the
pandemic, ozone has been widely used to purify many
enclosed spaces.
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Ozone also has medical uses. Medical ozone is
administered in the form of a balanced O2/03 mixture
by autologous blood therapy or rectal blow or also as a
peritoneal injection in laboratory animals [176]. Medi-
cal ozone can interfere with the replication phase of the
virus to play an antiviral role. Medical ozone’s effects
include the oxidation and inactivation of specific viral
receptors used to form cell-membrane binding struc-
tures, thereby inhibiting the level of its first stage: cel-
lular penetration [177]. Medical ozone can directly act
on Nrf2, an important nuclear message transmitter,
regulating and blocking the activity of ACE2 receptors.
Thus, preventing SARS-CoV-2 from replicating [178].
SARS-CoV2 can cause oxidative stress and inflamma-
tion, further tissue damage and widespread triggering
of the clotting cascade, culminating in the formation of
blood clots [179]. Medical ozone, when administered in
appropriate pathways and at small doses, may induce
adaptive responses that reduce endogenous oxidative
stress [180]. In addition, some studies have found that
ozone can activate the cellular and humoral immune
system and can reduce inflammation/apoptosis pro-
cesses [177]. Clinical studies have further confirmed
that ozone therapy can be used as a comprehensive
treatment for COVID-19 with low cost and improve the
health status of patients [181].
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Fig. 3 Schematic diagram of the influence of ozone on the transmission of COVID-19. Promote (up arrow, color red) or suppressing (downward
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Discussion

Since the outbreak, extensive research has investigated
the factors that influence the spread of COVID-19.
Representative studies on the impact of natural envi-
ronmental factors and social environmental factors on
COVID-19 are discussed in this review. The mechanisms
and results of natural environmental factors affecting
COVID-19 are shown in Fig. 4. As can be seen from the
epidemiological studies included in this paper, the cur-
rent study covered multiple regions, multiple confound-
ing factors, and long or short-term exposure times. The
mechanism study also covers multiple pathways and tar-
gets in vivo and in vitro.

Both mechanism and epidemiological studies have
shown that air pollution, especially PM2.5 and ozone,
greatly accelerates the spread of COVID-19. Some of the
differences in air pollution effectiveness in transmitting
the virus may be caused by differences in composition
between different locations. However, there are impor-
tant limitations to the available evidence, such as (1)
methodological limitations, (2) incomplete coverage of
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the original data, and (3) large uncertainties in the analy-
sis [182, 183]. Studies on the mechanism of air pollution
affecting the spread of COVID-19 have confirmed that
air pollution can (1) increase the expression of key pro-
teins in the entry pathway of SARS-CoV-2, (2) promote
inflammation and release of pro-inflammatory cytokines,
(3) causes pathological changes in organ systems, and (4)
increase the risk of respiratory complications. This fur-
ther provides evidence for COVID-19 prevention and
control measures to reduce air pollution, rational use of
ozone disinfection, and medical ozone therapy. To date,
no study has accurately demonstrated seasonal changes
in the global prevalence of COVID-19. Research on cli-
mate conditions is subject to similar challenges and
limitations as air pollution [184]. But a growing body
of evidence supports a statistically significant correla-
tion between climatic conditions and morbidity, mortal-
ity, recovery cases, etc. [185]. In vitro experiments were
conducted to study the activity of the virus under differ-
ent climatic conditions and substrate conditions. Studies
have shown that the SARS-CoV-2 has the longest half-life
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at lower temperatures, which promotes SARS-CoV-2
transmission. This also provides evidence for COVID-19
prevention and control measures to maintain indoor tem-
perature and humidity. SARS-CoV-2 rots faster at higher
relative humidity, inhibiting the spread of the virus. Solar
radiation has a better inactivation effect on SARS-CoV-2,
but UVC in the environment cannot directly eradicate
SARS-CoV-2. Solar radiation (UVB) inhibits the spread
and development of COVID-19 through the synthesis
of vitamin D. Therefore, there is scientific evidence for
COVID-19 prevention and control measures based on
rational exposure to sunlight. For other climatic condi-
tions (such as wind speed, water resource), no clear con-
clusions have been found.

Social environmental factors are also significantly
related to the spread of COVID-19. The mechanisms and
results of social environmental factors affecting COVID-
19 are shown in Fig. 4. People vary greatly in their daily
routines, traveling from home, work, school, and public
and commercial spaces can exhibit high personal expo-
sure to pathogens [186]. Epidemiologic studies have
shown that population density, built environment, occu-
pation, age, gender, local policies and socioeconomic
activity have an impact on COVID-19 [187]. This is also
the scientific basis for the country to take measures such
as control of population movement, control of popu-
lation density, wearing masks, and disinfecting dense
places [188]. Among them, population density is con-
sidered to have a more significant impact on COVID-19
than meteorological factors, and the increase in popula-
tion density will in turn lead to an increase in COVID-
19 cases and deaths [73]. In addition, socio-economic
activities such as international trade are also key factors
affecting the spread of COVID-19. The total import and
export volume is highly positively correlated with con-
firmed cases [97]. Although there are differences between
the results of the studies, this may be due to the limita-
tions of the studies introducing bias. Like the limitations
described earlier, single factor studies can be biased due
to confounding factors at the individual level.

Future prospects

Now, as vaccination coverage increases and strains
mutate, COVID-19 may be transitioning to an epidemic
seasonal disease, such as influenza [189]. Climate may
play a bigger role in determining COVID-19 infection.
In the near term, as public health measures are reduced,
the link between COVID-19 and natural environmental
factors will become clearer. Future studies are needed
to determine the effects of climate change on the spa-
tiotemporal distribution of different strains of viruses.
In addition, future research could focus on disease out-
comes caused by climatic conditions in animal models
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of COVID-19, and further improve the range of envi-
ronmental conditions used in laboratory studies to bet-
ter simulate real-world environmental conditions (indoor
and outdoor). A meta-analysis of climate-related epide-
miologic should be attempted to provide more conclusive
evidence.

In addition, it is worth studying whether long-term
environmental changes and short-term climate changes
have the same effect on the human body. The impact of
environmental exposure changes throughout life [190].
We do not know how the duration of exposure will affect
the susceptibility and severity of COVID-19. Existing
mechanism research is focused on animal experiments,
and ethical clinical trials are needed. Existing mechanism
studies have found that both temperature and humidity,
as well as air pollution, can have an impact on immunity.
Future research should address the interaction between
climate and immunity. Explore the specific mechanism of
climate on immunity through clinical research.

Conclusions

The impact of COVID-19 on human health is signifi-
cantly negative. The constant change of the current envi-
ronment increases the probability of infectious diseases.
Sorting out the key factors affecting infectious diseases
for scientific prevention and control, personalized and
precise treatment is critical, although there is still a lot
of work to be done. Our review indicates that with the
continuous mutation of SARS-CoV-2, high temperature,
high humidity, low air pollution levels, and low popula-
tion density may be more likely to slow down the spread
of the virus. All of these measures appear to be effective
in controlling the spread or mortality of COVID-19: (1)
reducing air pollution levels, (2) rational use of ozone
disinfection and medical ozone therapy, (3) rational
exposure to sunlight, (4) scientific ventilation and main-
tenance of indoor temperature and humidity, (5) con-
trol of population density, and (6) control of population
movement. They could play a vital role in the future face
of infectious diseases. The arrival of new pathogens is
inevitable. While focusing on the research and devel-
opment of vaccines, diagnostic reagents, and drugs for
infectious diseases, we use interdisciplinary methods to
break through existing limitations and clarify the impact
of environment on biology, disease and evolution from
the molecular level with the development of methodol-
ogy. It is an urgent need to safeguard people’s health. This
will provide innovative inspiration for global epidemic
prevention and control policies and provide reference for
similar infectious diseases that may emerge in the future.
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