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Abstract

Environmental factors such as temperature and relative humidity can affect the inactivation and transmission of coronavi-
ruses. By reviewing medical experiments on virus survival and virus transmission between infected and susceptible species
in different temperature and humidity conditions, this study explores the influence of temperature and relative humidity
on the survival and transmission of viruses, and provides suggestions, with experimental evidence, for the environmental
control measures of Coronavirus Disease 2019. The results indicated that (1) virus viability and infectivity is increased at
a low temperature of 5 °C and reduced at higher temperatures. (2) Virus survival and transmission is highly efficient in a
dry environment with low relative humidity, and also in a wet environment with high relative humidity, and it is minimal at
intermediate relative humidity. Therefore, in indoor environments, the lack of heating in winter or overventilation, leading
to low indoor temperature, can help virus survival and help susceptible people being infected. On the contrary, modulating
the indoor relative humidity at an intermediate level is conducive to curb epidemic outbreaks.

Keywords Coronavirus Disease 2019 - Environmental control strategies - Temperature - Relative humidity - Virus
infectivity - Virus survival

Introduction

The World Health Organization (WHO) declared a global
pandemic for the outbreak of coronavirus disease (COVID-
19), which is a highly transmittable and pathogenic viral
infection caused by severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) (Sanders et al. 2020; WHO 2020).
SARS-CoV-2 is majorly transmitted from human-to-human
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via direct or indirect contact between people and with con-
taminated surfaces (Prather et al. 2020; Huang et al. 2020).
The transmission of SARS-CoV-2 appears to be primarily
via aerosols (Stadnytskyi et al. 2020; Morawska and Milton
2020) and recent studies have shown that SARS-CoV-2 is
able to remain infectious in airborne particles for greater
than 3 h (van Doremalen et al. 2020; Smither et al. 2020).
Although many countries have not acknowledged it, recent
evidence strongly suggests that airborne transmission
of SARS-CoV-2 is likely (Tellier et al. 2019; Asadi et al.
2020; Hadei et al. 2020; Hsiao et al. 2020; Liu et al. 2020;
Morawska and Cao 2020; National Academies of Sciences,
Engineering, and Medicine 2020; Prather et al. 2020; van
Doremalen et al. 2020). The virus has gained global atten-
tion due to its highly contagious nature and the uncertainty
of standard vaccines (Lu 2020). A number of vaccines are
under development using different platforms and clinical
trials are ongoing in different countries, but even if they
are licensed it will need time until reach a definite conclu-
sion about their real safety and efficacy (Al-Hatamleh et al.
2021; Dos Santos 2021; Glied 2021; Chitrakar et al. 2021).
Therefore, besides wearing a mask and maintaining social
distancing, environmental implications that can influence
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the vitality and infectivity of SARS-CoV-2 in transmission
routes should be considered as an alternative choice (Yao
et al. 2020).

The coronavirus transmission can be affected by various
factors such as climate conditions (majorly temperature,
humidity and wind speed), population density, and available
medical facilities (Dalziel et al. 2018). In fact, a number of
studies have proved that temperature and relative humidity
(RH) can affect virus survival and infectivity (Chan et al.
2020; Morawska and Cao 2020; Zhang et al. 2020; Guo et al.
2021; Kwon et al. 2021). Noti et al. (2013) showed that when
the ambient temperature was 20 °C, the number of infec-
tious HIN1 influenza viruses was significantly lower than
20% at RH45%. Marr et al. (2019) found that temperature
and RH would affect the stability of the viruses, in which
RH determined the evaporation rate of the virus-containing
droplets. Evaporation would then affect the size, physical
fate and chemical microenvironment of the droplet, which
in turn would affect the chemical microenvironment of the
viruses, and determine the survival of the viruses. Kumar
et al. (2020) found that susceptibility and inactivation led to
seasonal epidemics of SARS-COV-2, meaning that tempera-
ture had an important influence on virus inactivation. Sattar
et al. (1984) discussed the half-life of aerosolized viruses
in a rotating drum and found that the relative viability rate
varies due to different temperature and RH conditions. It
was also verified by other experiments (Moe and Harper
1983; Ijaz et al. 1985a, b; Gaunt et al. 2010; Kampf et al.
2020). Additionally, Chan et al. (2011) showed that low tem-
perature and low RH increased the survival time of viruses
on contaminated surfaces, and other experiments found that
virus survival could be reduced the lowest rate of 3—4.7% at
a certain temperature and RH (Ijaz et al. 1985a, b; Pyankov
et al. 2018). These results indicate that temperature and RH
have a significant impact on the inactivation of viruses when
they leave the host.

On the other hand, temperature and RH also have an
influence on virus infectivity and transmission when
patients and susceptible individuals are confined to a spe-
cific space (Bukhari 2020; Alvarez-Ramirez and Monica
2020). A research team from the University of Maryland
believed that the spread of COVID-19 had obvious season-
ality, and the increasing temperature was likely to be an
important reason for the significant decline of confirmed
cases in Wuhan after March (Sajadi et al. 2020). Wang
et al. (2021) pointed out that the number of confirmed
cases and propagation coefficients would be affected
quantitatively by every 1 °C increase. When considering
ambient air humidity, an important role of humidity was
found in rapid transmission of COVID-19 within the New
York city (Bashir et al. 2020). Pani et al. (2020) found
the positive correlation of humidity with COVID-19
spread based on the daily data provided by Ministry of
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Health, Singapore. Similarly, a positive correlation was
found between COVID-19 and RH (r=0.106, P=0.001)
in Kuala Lumpur, Malaysia (Suhaimi et al. 2020). There-
fore, temperature and RH conditions can affect the viabil-
ity and infectivity of viruses in the transmission routes. As
the macroscopic climate conditions have many influencing
factors, laboratory experiments can define the effects of
temperature and RH more effectively.

During the community outbreaks of COVID-19, regula-
tion of indoor environments has attracted much attention.
The adjustment of temperature and RH mainly depends on
the air conditioning system or other humidifiers. However,
there is a great debate on whether air conditioners can
transmit viruses (Kwon et al. 2020). It has been proven
that virus transmission on the cruise ship ‘Princess Dia-
mond’ has no relationship with the operation of the air-
conditioning system (Kwon et al. 2020; Sekizuka et al.
2020), but the virus transmission has often occurred in
well air-conditioned environments such as hospitals or
hotels in some countries which has intensive use of air-
conditioning (Chan et al. 2020). While the WHO and most
national health agencies have no evidence to prove that
air-conditioning system can contribute to virus transmis-
sion, government agencies and local authorities in some
countries develop the operation plan and strategies for air-
conditioning system based on the notion that air-condi-
tioning can transmit viruses (Zhao et al. 2020). However,
the guidelines or precaution strategies based on inference
or hypothesis are unconvincing (Zhao et al. 2020). Espe-
cially, emphasis on building ventilation without consider-
ing the coupling of indoor temperature and RH is negative
to the thermal comfort of indoor environments and the
spread of COVID-19 epidemic. As a result, it is significant
to improve the prevention and control strategy of COVID-
19 by clarifying the influence of temperature and RH on
virus transmission with experimental support.

To sum up, although the existing literature reports quali-
tative and quantitative studies on the effects of temperature
and RH on virus survival and infectivity, there is still a lack
of systematic study. Because different scholars may have
different experimental methods, detection methods and
experimental environments, the scattered results may lead
to uncertainty in the horizontal comparison of experimen-
tal results, and the information conveyed may be biased. In
addition, government departments may introduce unconvinc-
ing policies without figuring out the effects of environmen-
tal factors on virus inactivation, which is negative to epi-
demic prevention and control. Therefore, this study reviews
a number of experiments on virus inactivation in different
temperature and RH conditions, integrates and analyzes the
relevant experimental data, and comprehensively analyzes
the influence law of temperature and RH on virus survival
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and infectivity. It also can put forward suggestions for con-
trolling the outbreak of COVID-19 from the perspective of
environment.

Materials and methods

The influence of temperature and RH on virus transmis-
sion among susceptible individuals depends on two major
aspects. Firstly, when a virus enters a certain environment
after leaving the host in droplets or sputum, there is an influ-
ence due to temperature and RH on virus survival. Secondly,
when a virus enters a susceptible animal or individual in
some way, temperature and RH have effects on the infec-
tion rate. Because the virus is of small size and can cause
great harm, the related experiments should be conducted in
a strict operational condition. In addition, because of the
ethical restriction, it is impossible to do the human infection
experiment, and these experiments are usually accomplished
using animal models. Taking this as a clue, terms of "envi-
ronment”, "temperature”, "humidity", "coronavirus/ influ-
enza virus", "virus survival", and "virus transmission" were
used to search in the Web of Science to identify the related
studies. The studies were screened by reading abstracts, and
references in some important studies were read extensively.
In addition, in order to identify the effects of ambient tem-
perature and RH on virus viability under different conditions
or virus infectivity in a restricted space, these studies were
divided into three groups: virus survival on surfaces, virus
survival in the air and virus transmission in animal mod-
els, according to their different research and experimental
methods. Finally, 22 representative studies were selected,
including nine representative experiments on virus survival
on surfaces, nine experiments on virus survival in the air,
and four experiments on animal models.

Due to the complexity of the problem, the existing medi-
cal experiments on virus survival are relatively scattered.
By viewing the existing literature, the research results of
virus survival on the surface of objects were usually given
in terms of the time required for virus decay to a certain con-
centration or the curve of virus concentration changing with
time. Therefore, in this study, experimental data in the rel-
evant literature were calculated by different methods. For the
experiments of virus survival on surfaces or in the air, firstly,
if the specific data of experimental temperature, humidity
and virus survival rate were provided in the literature, they
were directly counted into Excel. Secondly, if the curve of
virus relative survival rate with temperature and humidity,
the GetData Graph Digitizer software was used to obtain
the virus relative survival rate measured at each tempera-
ture and humidity node in the experiment, and then the data
were counted into Excel for analysis. Furthermore, experi-
ments that provided virus decay rate constants but cannot

calculate the survival rate of viruses were not analyzed. For
experiments of animal models, the data of temperature, RH
and animal survival rate or infection rate were extracted
and analyzed. In this study, 118 set of data were analyzed,
and then the effects of ambient temperature and RH on the
survival of viruses on surfaces, the survival of aerosolized
viruses in the air, and viral infectivity in animal models were
studied. It should be noted that, considering the safety of the
experimental process with highly infectious human respira-
tory viruses, many researchers choose closely related viral
surrogates, including the murine hepatitis virus (MHV),
transmissible gastrointestinal virus (TGEV) and other ani-
mal viruses, as well as phage phi 6 and MS2, etc. Therefore,
these virus surrogates are also included in this study.

Results and discussion
Effects of temperature and RH on virus survival

A virus can survive in the environment in two forms after it
leaves the host via a respiratory fluid. One is falling on vari-
ous surfaces. If a virus contacts a susceptible individual, it
will cause the risk of infection. The second form is floating
in the air. If a virus is inhaled by susceptible individuals,
it will cause transmission and infection. As virus survival
depends on a respiratory fluid, and sputum droplets and
aerosols must undergo the process of thermal mass transfer,
evaporation and concentration in a specific environment, it
leads to decreased water and nutrients, increased salt con-
centration and acid-base balance destruction. The living
environment of the virus deteriorates rapidly. Therefore,
temperature and RH have an important influence on virus
survival.

Survival of viruses on surfaces

In order to explore the changes of virus viability after spu-
tum droplets and aerosols were deposited on the surface,
the experimental methods were usually as follows. Firstly,
a certain volume of various viruses was titrated on different
surfaces. Then surface specimens were placed in an adjust-
able environment and taken out at different time nodes. Next,
changes of virus decay and the relative survival rate were
quantitatively analyzed by plaque assay or real-time qPCR
analysis to explore the varying influence of temperature and
RH on the virus inactivation with increased time. Different
studies have differences in the species of test viruses, the
surface materials affecting titration (culture media conducive
to survival or stainless steel surfaces), and the volume of
titrated droplets. However, all of these studies discussed the
survival of a specific virus on the surface by changing the
temperature and RH parameters, so the results have scientific

a
* @ Springer



2868 International Journal of Environmental Science and Technology (2021) 18:2865-2878

value. Table 1 summarizes a number of important research
conditions and results of the representative studies.

In order to identify the influence of temperature, experi-
mental data with similar RH conditions were analyzed.
Figure 1 indicated that when RH was at certain levels, the
relative survival rate of the viruses generally has a signifi-
cant decreasing trend with increase of temperature, and most
viruses lost their viability at high temperature (> 35 °C),
because high temperature accelerates the evaporation of
surface droplets, and the subsequent salt concentration and
acid-base balance destruction lead to increased virus decay.
(2) The relative survival rate of the Phi6 virus was signifi-
cantly higher than that of TGEV and MHYV at 15 °C, mainly
because it had an exposure period of 2 h, while the others
were assessed after being exposed for 24 h. It shows that a
long exposure time can lead to a decrease of viral viability.

Figure 2 representatively presents the experimental
results from four studies, in which temperature was con-
trolled at a comfortable laboratory environment (19-25 C).
It was found that (1) for all species of viruses, the rela-
tionship between virus viability and RH showed a distinct
U-shaped pattern. Most viruses survived well at low and
extremely high RH, and inactivated quickly at intermedi-
ate RH (50-70%). It indicates that modulating the RH at a
moderate level (50-70%) is positive in reducing virus sur-
vival and inhibiting virus spread. (2) It was notable that for
TGEYV at 20 °C and MS2 virus at 22 °C, the U-shaped curves
were slightly different from the others. Their curves had a
sharp bottom at RH50-55%, may be due to insufficient RH
operating points.

Survival of aerosolized viruses in the air

The general experimental methods to explore the time-
dependent changes of the viability of aerosolized viruses
floating in the air were as follows. Firstly, a certain volume
of virus fluid was aerosolized with a nebulizer into 1-5 pm
toxic particles, and they were suspended in closed chambers
or rotating drums. Air samples were collected at different
time points. The changes of virus decay and relative survival
rate were quantitatively titrated by plaque assay or real-time
qPCR analysis, in order to analyze the effects of temperature
and RH on the changes of virus vitality and virus decay with
increased time. Although there are differences in the species
of test viruses, the initial concentration and atomization vol-
ume of the virus droplets, the size of nebulizer nozzle (can
affect the size and living conditions of the droplets), and the
sampling methods and exposure time, all these investigators
analyzed the survival of aerosolized viruses by changing the
temperature and RH parameters, so the results have scientific
value. Table 2 shows the major features of these representa-
tive studies.

* @ Springer

Figure 3 representatively shows the experimental results
under four working conditions, in where the RH is con-
trolled at comfortable (~ 50%RH) laboratory conditions.
Because different exposure period affects the survival rate
of viruses, experiments that have similar exposure time
(20-23 h) are selected for the comparative analysis. It can
be seen that at a range of RHs, the relative survival rate of
aerosolized viruses decreases significantly with increase of
temperature. Additionally, when the temperature is above
25 °C, most viruses have no viability. Similarly, these find-
ings are because high temperature increases the evapora-
tion of atomized droplets and deteriorates the living condi-
tions of aerosolized virus, resulting in virus inactivation.

Figure 4 presents the experimental results from four
studies, with the temperature controlled at a comfort-
able laboratory environment (19-25 “C) level and these
results were summarized according to the different expo-
sure times. Figure 4 (a) shows the influence of RH on the
survival of aerosolized viruses with an exposure period
of 1 h. It was found that (1) virus survival in droplets
and aerosols as a function of RH showed a U-shaped rela-
tionship with reduced viability at medium RHs (~55%)
and increased viability at low and extremely high RHs.
It indicates that controlling RH at a medium level in a
specific space is beneficial to inhibit the viral viability in
the air. (2) In the range of intermediate RHs, some viruses
had a monotonic decrease in viability with increasing RH
while other viruses had an increase in viability. It may be
because the exposure time was too short to achieve suffi-
cient virus inactivation, or because the RH affects droplet
physics and chemistry.

Figure 4 (b) shows the effects of RH on the survival
of aerosolized viruses exposed for 20 h. It was found that
(1) the viruses had a distinct survival minimum at median
RH, similar to the exposure results for 1 h. (2) However,
compared with Fig. 4(a), the viability of the same virus
was different at different exposure periods, and the rela-
tive survival rate decreased more significantly in a longer
exposure period. (3) The MNV and poliomyelitis viruses
can maintain a high relative survival rate after 20 h expo-
sure. For the high survival rate of MNYV, it may be because
the virus was experimented as a liquid film on the glass
coupons, which compared to the atomized droplets with
smaller particle size, had less efficient contact with the
air and subsequently a slower affected rate. For the polio-
myelitis virus, it may because of its strong viability in
the nature. To conclude, virus survival in the air is sig-
nificantly affected by the length of exposure time. Addi-
tionally, the results indicate a common rule that viruses
survive better at intermediate RH, but with individual
differences that may be affected by the limited RH opera-
tional condition.
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Effects of temperature and RH on virus infectivity
in a restricted space

As people spend over 90% of their time indoors (Klep-
eis et al. 2001), it is likely that virus transmission among
humans occurs mainly in a restricted space. Viruses enter
into specific environments in droplets or sputum, and the
amount and activity of the active viruses have a significant
impact on the risk of infection of susceptible individuals
(Lindsley et al. 2012; Mao et al. 2020). However, to simulate
the influence of temperature and humidity on virus transmis-
sion between the infected and susceptible individuals in a
restricted space, only animal experiments can be used.
Susceptible people are mainly infected by infected
patients or asymptomatic people though activities including
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speaking, breathing, coughing, and sneezing. They inhale
the poisonous droplets that are exhaled by infected individ-
uals through close contact and other behavior. Therefore,
animal experiments are generally carried out in two ways:
one is to make unaffected animals continuously exposed to
large amounts of aerosolized viruses, simulating the spe-
cial condition of droplet infection; the other is to make the
animals contact exposed animals after inoculation, simu-
lating the infection among persons through various contact
methods. If other conditions are fixed, the corresponding
influence can be identified by changing the temperature or
RH and comparing the differences in infection rate or death
rate under different conditions. Table 3 shows the species
of experimental viruses, experimental animal, and infection
method, as well as the range of temperature and RH and
the main results. It can be seen from the table that although
different studies have adopted various kinds of viruses and
experimental animals and different ways of virus inocula-
tion, they are all aimed at the specific objects of studying the
influence of changing the temperature and RH parameters on
the transmission and infectivity of viruses among animals
in a restricted space.

A systematic review of the persistence of the influenza
virus concluded that temperature, over an environmentally
relevant range, is an important indicator of persistence
across all environmental matrices considered, including
air, water and soil (Irwin et al. 2011). Figure 5 shows the
variation of the infection rate of exposed animals at low
RH (35%), medium RH (50%) and high RH (80%), which is
affected by ambient temperature. It indicates that the infec-
tivity of viruses is maximal at low temperature and low RH.
At medium RH (50%), the transmission efficiency of viruses
is inversely correlated with temperature. Compared to viral
infectivity at low temperature, those at room temperature
largely decreased, and reduced to O at high temperature.
Similarly, in humid environments (high RH), virus transmis-
sion was maximal at low temperature, and minimal at room
temperature and high temperature. As a result, it can be seen
that at a certain RH, the infection rate of the susceptible
animals is the highest at low temperature and low humidity,
meanwhile, with the increase of temperature, the infectivity
of the viruses generally shows a downward trend. At the
same time, when the temperature is 30 °C, the transmission
of virus among animals is blocked, and the risk of infection
of susceptible individuals is low.

Compared to the effect of temperature, the influence of
RH on viral infectivity in animal models is more complex.
From Fig. 6, it can be seen that viral infectivity and transmis-
sion efficiency decrease with the increase of RH at low tem-
perature (5 “C). In addition, as high temperature can effec-
tively block aerosol transmission of viruses, at 30 °C and
all RHs tested, no infection was observed among animals
through cage-to-cage contact. Moreover, under the relatively
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Table 2 Survival of aerosolized virus in the air

References Test virus Initial concentration Aerosolization T RH Results
space
Lin and Marr MS?2 phage and @6 10'°t0o 10" pfu-ml~! 27L aluminum 22°C 23-100% Viruses survived well
(2020) phage rotating drum 7 working condi- in RHs below 33%
tions and 100%
Pyankov et al. MERS-CoV 6.1+0.23 1gml™! Rotating aerosol 25°C 79% In hot, dry air, the
(2018) chamber 38 °C 249, virus decays more
strongly
de la Noue et al. MNV 1052 pfu-ml™! Sealed aerosoliza- 25 °C 10-100% Moderate RH facili-
(2014) tion boxes 5 working condi- tates viral inactiva-
tions tion and reduces
viral infectivity
9°C 10-100% Low temperature is
25 °C 5 working condi- more suitable for
tions virus survival
Noti et al. (2013) HIN1 4.5% 103 total 23m? aerosolization 20 °C 7-73% High RH reduces
virus-1™! chamber 7 working condi- the infectivity of
tions influenza viruses
20 °C 20%, 45% At moderate humid-
ity, viruses in
aerosols rapidly
lose infectivity after
coughing
van Doremalen, MERS-CoV 100 TCIDSO-ml_1 An aerosolization 20 °C 40%, 70% MERS-CoV virus
Bushmaker, and chamber aerosols are very
Munster (2013) stable at low rela-
tive humidity
Zhao et al. (2011) Gumbro 6to7logq 1.4m?> aerosoliza- 10 °C 40%, 70% Long-range transmis-
EID;;-ml™! tion chamber 20°C sion of airborne
30 °C viruses is more
likely at 20 °C than
at 10 °C or 30 °C
Harper (1961) Vaccinia virus 5% 10"pfu-ml™! 75L rotating stain- (1) 11 °C (1) 20%, 50%, 83%; Most viruses survive
less steel drum (2)22°C (2)18%, 50%, 83%;  well at low tem-
(3)32°C (3) 18%, 50%, 82% peratures
Influenza virus 1x107 ()7°C (1) 24%, 51%, 82%; The lower the rela-
MP 5,-ml~! (2)22°C  (2) 21%, 35%, 50%, ~ tive humidity, the
(3)32°C 65%, 81%: better the survival
(3) 30%, 50%, 81% of most viruses, the
Venezuelan equine 1% 10'° MIPLD (1)9°C (1) 19%, 48%, 86%: Ogﬁ‘;sv‘itfu‘: true for
encephalom- 50~m1_l 2)22°C (2)21%, 50%, 82%; p
yelitis virus 3)32°C (3) 19%, 48%, 83%
Poliomyeli-tis virus  5x 10% pfu-ml~! 22°C 20.5%
35%
50%
65%
80%
Hemmes et al. Influenza virus 2x10%t02x 10 4m?® aerosolization 10 °C <50%;>50% Viral mortality
(1962) D, 17! chamber 20°C increases with rela-
30 °C tive humidity

Poliomyelitis virus

2-8x 107 pfu-ml~!

Viral mortality
decreases with
increasing relative
humidity

=
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Table 2 (continued)

References

Test virus

Initial concentration Aerosolization T

space

RH Results

Smither et al.

SARS-CoV-2 Eng-

1x10° TCIDs,ml™" 40L Goldberg drum 1922 °C  40-60%; 68-88%

In tissue culture

(2020) land-2 media, SARS-
CoV-2 England-2
is more stable at
medium RH com-
pared to higher RH

0.6 < A 22Cis2(Lin et al., 2020) ¥ 22C®6(Lin et al.,2020)
—=— 55%RH MNV (de 1a Noue et al., 2014) 1.4+ @~ 25CIOV(de 1o Noue et al.,2014) —B- 20CHIN (Noti et al.,2013)
e 50%RH Vaccinia virus(Happer, 1961) . «? g‘g?ﬂum{. viruls(}hpper,]l\?l) 1}.2'22(.?Poli(;myeliti;;érus(l‘hpper, 1961)
N J e e, 1) - 2Nl s i il
0.5 - v 50%RH equine encephalomyelitis L24 T et
virus (Happer, 1961) o \
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Temperature (‘C) (a) Exposure for 1h
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: : : 3 _| .. |"* 22CVaccinia virus(Happer, 1961
Fig.3 Temperature affects the survival of aerosolized virus 1.0 —4— 22CInfluenza virus(Happer, 1961)
4 22CPolionyelitis virus(Happex, 1961)
—=— 257NV (de la Noue et al., 2014)
[ 3
o, 9 R LA S L AR P P ———
comfortable temperature range of 20-23 'C, although the E 0.8
experimental animal species, virus species and animal infec- = 1
tion methods are different, the virus transmission as a func- E T
tion of RH has a U-shaped relationship with reduced infec- ‘a* |
tion rate at mid-range RHs (~50%) and increased infection ® 4l
rate at low RH or high RH. It indicates that controlling RH '{;‘ ’
at a medium level (~50%) is beneficial to reduce the infec- E
tion rate and the threat of the virus to susceptible people in O U N
a restricted space. 1 4
R —
0.0 S a2 GEECEEE
Environmental Implications for COVID-19 ' ' ' '
0 20 40 60 80 100

Following the review of the influence of temperature and
RH on virus survival and viral infectivity among suscepti-
ble animals, it can be seen that the environment with low
ambient temperature, low RH or high RH is beneficial to
virus survival and transmission. It suggests that low tem-
perature, low RH, high RH or a combination may lead to
the risk of epidemic spread. It provides valuable insights
into the prevention and control of COVID-19. Firstly,
when the temperature and humidity environment (sea-
sonal change of outdoor climate parameters) cannot be

% @ Springer

Relative humidity (%)
(b) Exposure for 20h

Fig.4 RH affects the survival of aerosolized virus

controlled, if the future climate change in a specific region
or city is known, it can alert people to the risk of epidemic
spread. Secondly, indoor environments of all buildings on
which human activities depend can be generally controlled,



International Journal of Environmental Science and Technology (2021) 18:2865-2878 2873

Table 3 Infectivity of virus in animal models

References Test virus Viral titer Animal(s) Contact method T RH (%) Results
Gustin et al. (2015)  PN99 10*% to 10°3 pfu-ml™!  Ferrets Aerosolized virus 5°C 70 Infectivity 33.3%
23°C 30 Infectivity 66.7%
50 Infectivity 33.3%
70 Infectivity 66.7%
IN11 5°C 70 Infectivity 0%
23°C 30 Infectivity 100%
50 Infectivity 0%
70 Infectivity 66.7%
Lowen et al. (2008)  PN99 10® pfu-ml~! Guinea pigs ~ Cage to cage 30°C 20 Infectivity 0%
50
65
80
Housed in one cage  30°C 20 Infectivity 100%
50 Infectivity 100%
80 Infectivity 75%
20°C 20 Infectivity 100%
Lowen (2007) PN99 10® pfu-ml~! Guinea pigs ~ Cage to cage 5°C 35 Infectivity 100%
50 Infectivity 75-100%
65 Infectivity 50%
80 Infectivity 50%
20°C 20 Infectivity 75-100%
35 Infectivity 100%
50 Infectivity 25%
65 Infectivity 75%
80 Infectivity 0%
30°C 35 Infectivity 0%
Lester (1948) Influenza 0.82-0.85gm Mice aerosolized virus 23°C 23 Mortality 100%
A-PR8 30 Mortality 100%
strain 40 Mortality 95%
45 Mortality 22.5%
50 Mortality 22.5%
55 Mortality 22.5%
60 Mortality 22.5%
65 Mortality 42.5%
70 Mortality 75%
80 Mortality 100%

or at least partially controlled, so measures that are posi-
tive to block virus survival and reduce the infection among
individuals should be considered when regulating indoor
environments.

Strategy for uncontrollable environment

There are two kinds of situations for uncontrollable tem-
perature and humidity environments. The first factor is the
outdoor natural temperature and humidity, which is mainly
affected by the geographical location, altitude, solar radia-
tion and other factors, changing seasonally over the whole
year. The temperature and humidity changes can be used to

predict the ability of virus survival and the infective risk of
susceptible individuals in such environments in advance,
and can provide prevention and control strategies for the
public and their outdoor activities. For example, at the end
of winter and early spring, the temperature rises in many
cities. However, there may also be a "cold in late spring"
climate in some cities in China, which needs to be paid
attention to in the case of repeated community outbreaks
of COVID-19. On the other hand, in some areas in China,
there will be a regular "plum rain" season between spring
and summer, and the air humidity largely increases, which
may also create favorable climate conditions for virus sur-
vival and susceptible individual infection.

(]
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RH35%(Lowen et al.,2007)
—®— RH50%(Lowen et al.,2007; Lowen et al.,2008),
—A— RH80%(Lowen et al.,2007; Lowen et al.,2008),
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Fig.5 Temperature affects the infectivity of virus in animal models
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Infection rate (%)
3
1

Relative humidity (%)

Fig.6 RH affects the infectivity of virus in animal models

Secondly, for those buildings without central heating, it
is hard to control indoor environments. During the spread
of COVID-19, it would be better to control the indoor tem-
perature and RH at a level that is harmful to virus survival
and transmission. There is a wide range of areas around the
world that do not pay special attention to the regulation of
indoor environments. For example, the hot summer and cold
winter areas in China involve a population of 400-500 mil-
lion, where the average temperature in winter months is 2-9
°C, and the RH is 70-90% (Fu 2020). In these areas, most
of the residential buildings or some public buildings do not
have central heating, so the temperature and humidity of
indoors and outdoors are similar in winter (Fu 2020). For
a small number of buildings that can be heated (generally
using air source heat pump), they have no humidification

(]
’r @ Springer

equipment. When the indoor temperature is heated to 18-20
°C, the indoor RH will be reduced to 20-30%. These indoor
conditions are suitable for virus stability and virus trans-
mission among people. Because the coupling of outdoor
and indoor environmental conditions is conducive to virus
survival, transmission and infection, it may have caused the
spread of COVID-19 in Wuhan. Therefore, during a COVID-
19 outbreak, buildings without central heating or air condi-
tioning are recommended to increase their indoor tempera-
ture to a comfortable level by using local heating systems,
which is beneficial to virus inactivation. On the other hand,
for buildings with decentralized heating, it is necessary to
turn on the heating equipment and employ humidification
(electric humidifiers, simple humidifiers, etc.) to keep the
indoor RH at a comfortable level (RH 40-50%), or at least
not too dry.

Strategy for controllable environment

On the contrary, indoor environments of all buildings can
be controlled, or at least partially controlled. To date, most
of the activities are carried out indoors, and the means of
regulating indoor environments have improved (Klepeis
et al. 2001). However, as virus transmission among humans
occurs mainly indoors, the relationship between the risk
of individual infection and the operation of heating, air-
conditioning and ventilation systems is controversial. The
current prevention and control guidelines also lack informa-
tion for the control of indoor temperature and RH. Health
departments in many countries have made it clear that office
buildings and public buildings need to operate air condi-
tioning systems (Wilson 2020; Coolingpost 2020), but they
have not provided adjustment suggestions for the setting
of the heating or cooling system. As discussed above, a
series of experiments on virus survival and animal infec-
tion indicates that a certain range of temperature and RHs
are not conducive to the survival and transmission of virus.
Therefore, the following prevention and control strategies
can be suggested for indoor environmental control. (1) For
residential buildings with adjustable indoor temperature and
RHs, residents should be encouraged to turn on household
heating equipment in winter and try to improve indoor tem-
perature as much as possible, such as 18-20 °C, which can
reduce virus transmission among susceptible people. Rec-
ommendations for residents not to use air conditioning and
heating equipment lack scientific basis. (2) As medium RH
(~50%) can significantly reduce virus transmission among
the susceptible people, residents are recommended to use
humidifiers and dehumidifiers to make the indoor RH close
to this range, which is beneficial to virus prevention and
control. (3) For office buildings, commercial buildings and
public buildings, the air conditioning and heating system
can be normally operated, and indoor environments can be
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controlled at 18-22 °C and medium RH (~50%) by adjust-
ing the set value of the heating or cooling system. (4) The
indoor ventilation of residential buildings should not be
excessive, and the operation of ventilation system should not
be emphasized groundlessly for public buildings. However,
the current strategy of building ventilation ignores the effect
of indoor temperature and RH on virus transmission and
infectivity among susceptible people. One-sided guidance
to strengthen building ventilation or all fresh air can reduce
the virus concentration in the air, but because the existing
air conditioning and heating equipment system cannot bear
the load, it will inevitably lead to a sharp decrease of indoor
temperature, which is positive to virus survival and trans-
mission, and may not be conducive to prevent and control
the spread of COVID-19. (5) As it has been discussed in
the aerosolized virus survival experiments, the number of
viruses in droplets is 10° to 10'° pfu/ml, equilibrated to that
in the oral swabs, nose swabs and throat swabs of the SARS-
CoV-2 infected patients (Pan et al. 2020; Zou et al. 2020; To
et al. 2020). When the virus suspension is aerosolized into a
rotating drum, virus inactivation rates are in the order of 10%
to 10* even if samples are collected immediately (in 2 min),
indicating that the most of the viruses have died (Zhao et al.
2011). When viruses leave the host, their living environ-
ments deteriorate rapidly in a few milliseconds because of
water evaporation, salt concentration, and acid—base bal-
ance destruction. It is indirectly proven that the major risk
of droplet transmission occurs when droplets leave the host,
and the shorter time it is, the greater the risk. Therefore, if
there is a potential infected person in a room, the most effec-
tive method of surveillance and containment is to keep social
distancing, and wear a mask, which is simple and easy and
has the lowest social cost (Cheng and Zou 2020; Leung et al.
2020; Wei et al. 2021). For viruses that have been floating
in the air for a long time with low vitality, it is advisable to
regulate indoor environments according to the influence of
temperature and RH on virus survival and spread.

Implications for COVID-19 seasonality

A series of studies have proven that temperature and RH
have influence on the seasonality of influenza and other
respiratory diseases (Davis et al. 2012; Otter et al. 2016;
Oliveiros et al. 2020; Chen et al. 2020; Ma et al. 2020; Wang
et al. 2021). Previous studies have shown that wintertime
climate and host behavior can favor the influenza transmis-
sion (Shaman et al. 2011; Chattopadhyay et al. 2018) and
other human coronaviruses (Killerby et al. 2018; Neher et al.
2020). SARS-CoV-2 survived the longest on surfaces under
winter conditions, with a survival post-contamination on
most surfaces up to 21 days, followed by spring/fall condi-
tions, with a survival up to 7 days (Ahlawat et al. 2020).
Infectious virus was isolated up to 4 days post-contamination

under indoor conditions, whereas no infectious virus was
found at 3 days post-contamination under summer condi-
tions (Kwon et al. 2021).

Virus survival and transmission is sensitive to outdoor
and indoor temperature and humidity, as well as the change
of susceptible population in a restricted space. While the
outdoor temperature and humidity cannot be controlled arti-
ficially, a healthy and comfortable indoor environment can
be created by adjusting indoor temperature and humidity. It
is a positive measure to reduce the indoor infection risk of
susceptible groups. Additionally, other preventive measures
including wearing masks should be considered to decrease
their risk of outdoor infection. Therefore, virus survival and
virus spread within and between human populations can be
effectively inhibited.

Conclusion

Based on the experimental evidence of virus inactivation,
this paper revealed the influence of ambient temperature and
RH on virus survival and infectivity, discussed the envi-
ronmental prevention strategies for COVID-19 in different
situations, and identified the scientific methods of manually
controlling indoor temperature and RH parameters during
the epidemic period. The main conclusions are as follows:

Firstly, the survival rate decreases with the increase of
temperature, and virus inactivation generally occurs at
25-30 °C. In addition, viruses in the air and on surfaces
can be effectively reduced at RHs of 50-70%. Therefore,
environmental conditions with low temperature and low
RH, or with low temperature are positive to virus sur-
vival. It also suggests that human coronaviruses, includ-
ing SARS-CoV-2, have shown to display strong winter
seasonality.

Secondly, increased temperature and intermediate RH
(~50%) has negative effects on virus infection and trans-
mission among animals, indicating that it can reduce the
threat of viruses to susceptible populations in a restricted
space. Based on research findings, for future scenarios,
setting a moderate RH standard of 50% for indoor envi-
ronments will not only reduce the impact of COVID-19,
but it will also reduce the impact of further viral out-
breaks, both seasonal and novel.

Finally, as low temperature and dry environment are
conducive to the survival and transmission of viruses,
in winter, it is necessary to focus on the role of indoor
air on disease transmission and resident health. Supera-
bundant ventilatory volume in winter or in the heating
period can lead to low indoor temperature or dry indoor
air, which will increase the risk of infection of the suscep-
tible people. Therefore, in order to curb the outbreak of

* @ Springer
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COVID-19, it is necessary to scientifically adjust indoor
environments according to the influence of temperature
and RH on virus survival and transmission. For a con-
trollable indoor environment, the ventilation strategy
should not be emphasized unilaterally, but to encourage
residents to keep indoor environments at 18-20 “C and
medium RH (~50%) by the air-conditioning system and
humidification equipment. For the uncontrollable outdoor
temperature and humidity, people can be alerted so as
to realize the risk of epidemic spread according to the
change of climate conditions, and other precautions such
as wearing masks and maintaining social distancing are
also necessary.
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