
Effects of temperature, humidity, and air saturation
state on the transmission risk prediction of COVID-
19 in typical scenarios
Ning Mao 

Sichuan University - Wangjiang Campus: Sichuan University
Dingkun Zhang 

Sichuan University West China Hospital
Yupei Li 

Sichuan University - Wangjiang Campus: Sichuan University
Ying Li 

Sichuan University - Wangjiang Campus: Sichuan University
Jin Li 

Sichuan University - Wangjiang Campus: Sichuan University
Li Zhao 

China Academy of Building Research
Qingqin Wang 

China Academy of Building Research
Zhu Cheng 

Sichuan University - Wangjiang Campus: Sichuan University
Yin Zhang 

Sichuan University - Wangjiang Campus: Sichuan University
Enshen Long  (  longes2@163.com )

Sichuan University https://orcid.org/0000-0003-0774-4275

Research Article

Keywords: temperature, relative humidity, air saturation state, COVID-19, respiratory tract deposition,
transmission risk model

Posted Date: May 11th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1525744/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1525744/v1
mailto:longes2@163.com
https://orcid.org/0000-0003-0774-4275
https://doi.org/10.21203/rs.3.rs-1525744/v1
https://creativecommons.org/licenses/by/4.0/




 

1 

 

Title Page 1 

Effects of temperature, humidity, and air saturation state on the 2 

transmission risk prediction of COVID-19 in typical scenarios 3 

Ning Maoa, Dingkun Zhangb, Yupei Lia, Ying Lic, Jin Lic, Li Zhaod, Qingqin Wangd, 4 

Zhu Chengc, Yin Zhangc, Enshen Longa,c,* 
5 

a MOE Key Laboratory of Deep Earth Science and Engineering, Institute of Disaster 6 

Management and Reconstruction, Sichuan University, Chengdu, China 7 

b Laboratory of Clinical Proteomics and Metabolomics, Institutes for Systems Genetics, 8 

West China Hospital, Sichuan University, Chengdu, China 9 

c College of Architecture and Environment, Sichuan University, Chengdu, China 10 

d China Academy of Building Research, Beijing, China 11 

 12 

Corresponding author: Enshen Long 13 

Affiliation: MOE Key Laboratory of Deep Earth Science and Engineering, Institute of 14 

Disaster Management and Reconstruction, College of Architecture and Environment, 15 

Sichuan University, Chengdu, China. 16 

Mailing address: Room 112, Administration Building, Sichuan University, No. 24, First 17 

loop south first section, Chengdu 610065, Sichuan Province, China 18 

Tel: +86 28 85401015; Fax: +86 28 85401015 E-mail address: longes2@163.com 19 

 20 

Acknowledgments 21 

This work was supported by the National Natural Science Foundation of China 22 

(52078314). 23 

mailto:Longes2@163.com


 

2 

 

Abstract: Environmental parameters have a significant impact on the spread of 24 

respiratory viral diseases. Temperature and relative humidity are correlated with viral 25 

inactivation in the air, whereas supersaturated air can promote viral deposition in the 26 

respiratory tract. This study introduces a new concept, the dynamic virus deposition 27 

ratio (α), that reflects the dynamic changes in particle size and viral deposition under 28 

varying ambient environments. Moreover, a non-steady-state modified Wells-Riley 29 

model is established to predict the infection risk of shared air space under varying 30 

environmental parameters, including temperature, relative humidity, and air saturation 31 

state. The quanta emission rate of an asymptomatic infector during different respiratory 32 

activities (breath, voice, and cough) are explored, and the differences in the infection 33 

risk under saturated and unsaturated air conditions are also compared. Finally, six 34 

typical exposure scenarios from daily life are also explored, highlighting scenarios of 35 

higher risk. The results show that the highest infection risk (Rmax=5.2%) and the longest 36 

risk duration (Tterminal=6.8h) are both reached in cold and damp conditions. This study 37 

quantitatively reflects how environmental parameters are linked to viral inactivation 38 

and particle deposition, affecting transmission risk. 39 

Keywords: temperature; relative humidity; air saturation state; COVID-19; respiratory 40 

tract deposition; transmission risk model41 
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Graphical Abstract： 42 

 43 

1. Introduction 44 

The novel coronavirus disease 2019 (COVID-19) has stimulated unprecedented public health 45 

concerns (Azman &Luquero 2020, Liu et al. 2020b, Morawska et al. 2020). Two years have passed since 46 

its early outbreak, COVID-19 prevention has destined to be a prolonged battle. It is impracticable for all 47 

human active areas to take long-term disinfection and isolation of activities. Therefore, our attention 48 

needs to be directed to high-risk areas. Without considering other artificial factors, an urgent need is to 49 

identify the exposure scenarios that may promote COVID-19 transmission. 50 

It has been reported that seasonal cyclicity is a ubiquitous feature of acute infectious diseases, which 51 

is also commonly observed in respiratory viral diseases, such as SARS and MERS (Killerby et al. 2018, 52 

Lipsitch et al. 2020, Wang et al. 2020). Therefore, it is reasonable to speculate that environmental and 53 

meteorological factors affect the COVID-19. To control the pandemic, many studies have examined 54 

meteorological/weather conditions that might influence the spread of coronaviruses by exploring the 55 

association between these factors and the COVID-19 cases over different worldwide locations, as Table 56 

1 shows (Lin et al. 2020, Liu et al. 2020a, Ma et al. 2020, McClymont &Hu 2021, Pani et al. 2020, Prata 57 

et al. 2020, Runkle et al. 2020, Sobral et al. 2020, Wu et al. 2020, Xu et al. 2020). Conclusions regarding 58 

the effects of meteorological parameters on COVID-19 transmission are significant, such as air 59 

temperature (T), relative humidity (RH) and saturated vapor pressure (𝑃𝑣) (Franch-Pardo et al. 2020, 60 

Ishmatov 2020, Xi et al. 2015). In particular, the argument was further supported by these reports that 61 
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employees who worked in cold chain transportation were more vulnerable to diagnosed with COVID-19 62 

(https://baijiahao.baidu.com/s?id=1728401608245389772&wfr=spider&for=pc), and the covering of 63 

imported frozen seafood such as salmon ( http://finance.sina.com.cn/china/gncj/2020-06-13/doc-64 

iirczymk6749091.shtml) and shrimp ( https://www.best73.com/news/27562.html) tested positive for 65 

SARS-CoV-2 too. 66 

Table 1 Association of COVID-19 pandemic with meteorological parameters (Lin et al. 2020, 67 

Liu et al. 2020a, Ma et al. 2020, McClymont &Hu 2021, Pani et al. 2020, Prata et al. 2020, Runkle 68 

et al. 2020, Sobral et al. 2020, Wu et al. 2020, Xu et al. 2020) 69 

Area Influence factor COVID-19 Result Reference 

Singapore 

Temperature, relative 

humidity, absolute 

humidity, and water vapor 

Confirmed 

cases 

Temperature, dew point, and absolute 

humidity showed positive significant 

associations with transmission 

(Pani et al. 
2020) 

Brazil Temperature, 

Confirmed 

cases 

When the average temperature < 25.8 C, 

each 1°C rise was associated with a 4.9% 

decrease in COVID-19 confirmed cases 

(Prata et al. 
2020) 

China 

Temperature, diurnal 

temperature range, absolute 

humidity, and migration 

scale index (MSI) 

Confirmed 

cases 

The weather with low temperature, mild 

diurnal temperature range and low 

humidity likely favors the transmission of 

COVID-19 

(Liu et al. 
2020a) 

China 

Temperature, population 

density 

Scaled 

Transmission 

Rate (STR) 

COVID-19 mitigation in densely 

populated and cold regions will be a great 

challenge 

(Lin et al. 
2020) 

China 

Temperature, relative 

humidity, and air quality 

index (AQI) 

Confirmed 

cases 

Impact of AQI on the spread of COVID-

19 may be enhanced under low relative 

humidity. 

(Xu et al. 
2020) 

the US 

Temperature, solar, and 

specific humidity 

Confirmed 

cases 

Short-term exposure to humidity was 

positively associated with COVID-19 

transmission 

(Runkle et 
al. 2020) 

Whole 

world 

Temperature, diurnal 

temperature range, and 

precipitation 

Confirmed 

cases and 

deaths 

There was a negative correlation between 

the average temperature and the number 

of cases of infections. 

(Sobral et al. 
2020) 

166 

countries 

Temperature, and relative 

humidity 

Confirmed 

cases and 

deaths 

A 1 °C increase in temperature was 

associated with a 3.08% reduction in 

cases 

(Wu et al. 
2020) 

China 

Temperature, relative 

humidity, and air pollutant 

Daily death 

counts 

One unit increase in diurnal temperature 

range was associated with a 2.92% 

increase in COVID-19 deaths 

(Ma et al. 
2020) 

However, the association between meteorological parameters and COVID-19 cases also would be 70 

https://baijiahao.baidu.com/s?id=1728401608245389772&wfr=spider&for=pc
http://finance.sina.com.cn/china/gncj/2020-06-13/doc-iirczymk6749091.shtml
http://finance.sina.com.cn/china/gncj/2020-06-13/doc-iirczymk6749091.shtml
https://www.best73.com/news/27562.html
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affected by local artificial factors, including social, political, and economic (Lai et al. 2020). The results 71 

in quantifying environment effects on transmission risk is limited and equivocal. 72 

Therefore, to reject the effect of other social factors, quantifiable mathematical models of 73 

transmission risk are needed (Bin et al. 2018, Borro et al. 2020, Qian et al. 2012, Sharma 74 

&Balasubramanian 2020). Wells-Riley model (W-R model) is one of the most popular models for 75 

quantitatively assessing the infection risk of airborne diseases (Keene 1955, Riley et al. 1978, Vuorinen 76 

et al. 2020, Wagner et al. 2009, Zhang et al. 2020). Understandably, the W-R model has been further 77 

improved and extended by many latest studies, to include more realistic factors and considerations since 78 

the COVID-19 outbreak. For instance, Nordsiek et al. developed an optimization W-R model for 79 

computational risk assessment suitable for mono/poly-pathogen aerosols (Nordsiek et al. 2021). Andrews 80 

et al. used a modified W-R model to estimate the impact of ventilation on infection probability for inmates 81 

sharing a cell with an infector (Urrego et al. 2015). Zhou and Koutsopoulos proposed a modified W-R 82 

model for risk analysis in public transportation systems, which integrated with a simulation model of 83 

subway operations (Zhou &Koutsopoulos 2021). Zhai et al. and Zhang et al. developed modified W-R 84 

model for integrating the spatial distribution of pathogen concentrations (Guo et al. 2021, Zhai &Li 2021). 85 

Fierce et al. tried to developed the Quadrature-based model of droplets risk by introducing a dose-86 

response framework, which could reflect the evolution of particles after they are expelled, their 87 

deposition in the airways, and the subsequent risk of initial infection (Fierce et al. 2021). 88 

Although the various studies above used different methods for risk analysis of airborne diseases, 89 

they collectively treated the shared air space as a close-to-greenhouse environment. The T, RH, and 𝑃𝑣 90 

are assumed to be constant. However, the epidemic outbreak in different regions and keep transmitting 91 

under varying environmental parameters. It can be seen from Table 1 those environmental parameters 92 

were believed to significantly promote or inhibit the spread of COVID-19. Therefore, a non-steady-state 93 

modified Wells-Riley model the dynamic change of environmental parameters is required. 94 

This study aims to answer the following questions: How are T, RH, and 𝑃𝑣 linked to infection risk? 95 

Which exposure scenarios promote or inhibit COVID-19 transmission? The answers to these questions 96 

will help local healthcare policymakers grade human activity regions according to the COVID-19 97 

transmission risk. 98 

2. Methodology 99 

As stated above, a non-steady-state modified Wells-Riley model under varying environments is 100 

required. To address this need, the key environmental parameters which influence the infection risk of 101 

airborne diseases are determined during the full cycle of droplets transmission in the shared air space (T, 102 

RH, and 𝑃𝑣 ). Firstly, T and RH are closely related to viral inactivation rate in the air (λ). The 103 
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supersaturated air  can promote particle diameter growth in the respiratory tract of susceptible 104 

population and, consequently, influence the particle deposition and virion exposure (Xi et al. 2015). 105 

Therefore, we introduce a new concept, the dynamic virus deposition ratio (α) that reflects the dynamic 106 

changes of virus deposition in supersaturation air state (𝑃𝑣). We next discuss the derivation process of the 107 

non-steady-state modified W-R model under the dynamic change of environmental parameters, as shown 108 

in Fig. 1. 109 

 110 

Fig. 1 Derivation of the non-steady-state modified W-R model under the dynamic change of 111 

environmental parameters. Enhanced condensational growth (ECG effect) is a concept of 112 

pulmonary drug delivery in which the drug aerosol is inhaled combination with cold-113 

supersaturated air. The subsequent small particle condensation growth will promote lung drug 114 

deposition (Xi et al. 2015). Similarly, ECG effect would increase the virus deposition risk of 115 

airborne diseases. 116 

2.1 quanta emission 117 

A thorough understanding of infectious droplets is a primary factor in the study of COVID-19 118 

airborne transmission risks, such as the diameter distribution, SARS-CoV-2 viral load, and 119 

spatiotemporal variation in virion concentrations. It has been reported that the diameter of exhaled 120 

droplets mainly ranges between 0.3 and 100 μm, and the number of particles decreases with the increase 121 

in droplet diameter (see Appendix A: Table A.1) (Duguid 1946, Lindsley et al. 2012, Morawska et al. 122 

2009). The viral load in body fluids generally peaks approximately 4 to 6 days after onset, up to 108 RNA 123 
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copies/mL, and then decreases over time (see Appendix A: Table A.2) (Cao et al. 2020, Chen et al. 2020, 124 

L. Zou 2020, Y. Pan 2020). 125 

In the original W-R model, the quanta emission rate remains uncertain and highly variable (Gba et 126 

al. 2020, Harrichandra et al. 2020). To estimate the spatiotemporal variation in virion concentrations, 127 

Buonannoa developed a modified W-R model based on a dose-response method to calculate the virion 128 

emission rate through a mass balance, which allows consideration of per-particle variation in viral load 129 

and the airborne transmission risk between scenarios (Buonanno et al. 2020). In particular, the viral load 130 

emitted was expressed in terms of the quanta emission rate (ER).  131 𝐸𝑅𝑗 = 𝐶𝑉 ∙ 𝐶𝑖 ∙ 𝑝 ∙ ∑ (𝑁𝑖𝑗 ∙ 𝑉𝑖(𝑑0))1≤ 𝑖 ≤ 𝑛1≤ 𝑗 ≤ 𝑚            (1) 132 

where 𝐸𝑅𝑗 is the quanta emission rate from different respiratory activities (quanta h−1), A quantum 133 

is defined as the dose of airborne droplet nuclei required to cause infection in 63% of susceptible persons, 134 𝑗 indicates the different expiratory activities considered (breath = 1, voice = 2, cough = 3), 𝐶𝑣 is the 135 

viral concentration in the throat of the asymptomatic infector (RNA copies/mL), 𝐶𝑖  is a conversion 136 

factor defined as the ratio between one infectious quantum and the infectious dose expressed in viral 137 

RNA copies (Li et al. 2010, Watanabe et al. 2010, Yu et al. 2004) (0.01–0.1), 𝑝 is the breathing rate per 138 

person (Marmett et al. 2020) (m3/s), 𝑁𝑖𝑗 is the number of droplets with i diameter from j respiratory 139 

activities, and 𝑉𝑖(𝑑0) is the volume of a single droplet (mL) as a function of the droplet diameter (𝑑0), 140 

the droplets are assumed to be standard spheres. 141 

2.2 Viral inactivation rate in the air 142 

The significant changes in virus survival balance after being exhaled from the infector also lead to 143 

differences in the disease infection risk in different environments (Pica &Bouvier 2012, van Doremalen 144 

et al. 2020, Wei &Li 2016). Therefore, several scholars have conducted studies on aerosolized viral 145 

inactivation under varying T and RH, and aerosolized the viruses into a rotating drum, where the aerosols 146 

were held at the desired T and RH. Following this, the samples of air from the drum were collected using 147 

an impinger (Doremalen et al. 2013, Pyankov et al. 2018, Sattar et al. 1984). This study summarizes viral 148 

inactivation characteristic of respiratory disease under varying T and RH, as shown in Fig. 2.  149 

When T was in a specific value (22 °C–25 °C), the viruses were found to survive better at low RH 150 

levels (< 33 %) and high RH levels (> 85 %). The middle RH level (50%–75%) was found to be the least 151 

favorable for the survival of the viruses. And, within the range of certain RH, there was significant 152 

negative correlation between the viral inactivation rate and T (Colas de la Noue et al. 2014, Harper G. 153 

1961, Lin &Marr 2020, Noti et al. 2013). Therefore, viral inactivation rate in air (λ), is significantly 154 

affected by the ambient T and RH, which further inhibits or promotes the spread of an epidemic in local 155 
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areas (Mao et al. 2020, Walsh et al. 2020). 156 

 157 

Fig. 2 Aerosolized viral inactivation of respiratory disease in the air (λ, exposure for 1 h). Color 158 

spherical point shows the viral inactivation rate for each environment condition, whereas the gray 159 

dashed lines show the inactivation trend under the only T condition and only RH condition, 160 

respectively. The high T (30 °C–35 °C) and the middle RH level (45%–60%) were found to be the 161 

least favorable for the survival of the respiratory disease viruses. For more detailed data, see 162 

Appendix A: Table A.3. 163 

2.3 quanta concentration of the shared air space 164 

After being exhaled from the infector, the quanta concentration at time t (Gammaitoni &Nucci 1997), 165 

n(t), as follows:  166 𝑛(𝑡)𝑗 = 𝐸𝑅𝑗∙𝐼(𝐴𝐸𝑅+𝐾+𝜆)∙𝑉 (1 − 𝑒−(𝐴𝐸𝑅+𝐾+𝜆)∙𝑡)            (2) 167 

where 𝑛(𝑡)𝑗  is the quanta concentration from different respiratory activities at time t, 𝐼  is the 168 

number of asymptomatic infectors, 𝐴𝐸𝑅  is the air exchange rate via ventilation (natural 169 

ventilation(Alfano et al. 2012, Stabile et al. 2017), 0.2 h-1), 𝐾 is the particle deposition on surfaces 170 

(released from 1.5m at a speed of 1 × 10-4 m/s (Chatoutsidou &Lazaridis 2019), 0.24 h-1), 𝜆 is the viral 171 

inactivation rate of respiratory disease (the values were selected according to Appendix A: Table A.3), 172 𝑉 is the volume of the shared air space(m-3), and 𝑡 is the exposure time (s). 173 
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2.4 Supersaturation particle diameter growth model 174 

2.4.1 Particle deposition in airways (ECG effect) 175 

To analyze pulmonary drug delivery, plenty of studies on particle deposition in the airways have 176 

been conducted by medical scholars (Austin et al. 2010, Gralton et al. 2011, Knight 2010, Morrow 2010, 177 

Nicas et al. 2005, Yeh &Raabe 1976). During inhalation, when the respiratory tract air (T=37 °C, RH=99% 178 

(Winkler-Heil et al. 2017)) is mixed with the inhaled ambient air (relatively low RH and T), the small 179 

particle (<10 μm) can grow owing to condensation. The diameter growth factors of inhaled 180 

supersaturation droplets in the airways are summarized (Kim et al. 2013, Kreyling 1984, Longest et al. 181 

2011, Sarangapani &Wexler 1996, Xi et al. 2013, Xi et al. 2015) (see Appendix A: Table A.4, and Figure 182 

A.1). Therefore, the concept of enhanced condensational growth (ECG effect) was proposed in which a 183 

drug aerosol is inhaled in combination with cold-saturated air; this would cause the small particle 184 

diameter to increase thereby promoting lung drug deposition (Deng et al. 2020, Longest &Hindle 2010, 185 

2011, Longest et al. 2011, Tian et al. 2011). Understandably, ECG effect would also increase the virus 186 

deposition risk of airborne diseases. 187 

It is known that viruses can only cause infection when inhaled by susceptible populations and when 188 

successfully deposited in the respiratory tract (Akhbarizadeh et al. 2021, Pu et al. 2020). Furthermore, 189 

the deposition fraction of infectious droplets is dependent on the aerosol droplet diameter distribution 190 

(Asgari et al. 2019, Fröhlich-Nowoisky et al. 2016). Fig. 3 summarizes the distribution of exhaled 191 

droplets from different respiratory activities and the corresponding deposition fractions in the respiratory 192 

tract (Protection 1994). It is noteworthy that supersaturated air can lead to significant growth in inhaled 193 

small particle diameter in the airways due to the ECG effect. For example, the total deposition of 0.3 μm 194 

particles in the airways may rise from 13% (when supersaturation is not considered) to 90% (under 195 

supersaturated conditions). It is evident that the infection risk is set to surge. 196 
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 197 

Fig. 3 Number distribution of exhaled droplets from different respiratory activities and the 198 

corresponding deposition fraction in the respiratory tract. Large particles are mainly deposited 199 

through inertial impaction, whereas small particles are mainly deposited through molecular 200 

diffusion (Fröhlich-Nowoisky et al. 2016). The ECG effect can lead to significant diameter growth 201 

of small particle (<10 μm) in the airways. It is evident that the deposited risk was set to surge. 202 

2.4.1 Dynamic virus deposition ratio 203 

Considering the dynamic changes in particle size and viral deposition in different ambient 204 

environments, our study proposes a new term, the dynamic virus deposition ratio α (Equation 3), which 205 

is defined as the ratio between the viral load deposited in the respiratory tract under varying environments 206 

(𝑄𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛) and the total viral load inhaled by a Susceptible population (𝑄𝑡𝑜𝑡𝑎𝑙).  207 𝛼 = 𝑄𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑄𝑡𝑜𝑡𝑎𝑙                        (3) 208 

where 𝑄𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛  is the viral load deposited in the respiratory tract under varying ambient 209 

environments (RNA copies), and 𝑄𝑡𝑜𝑡𝑎𝑙  is the total viral load inhaled by a Susceptible population (RNA 210 

copies). 211 𝑄𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 = ∑ (𝐶𝑉.𝑖′ ∙ 𝑝 ∙ 𝑁𝑖′ ∙ 𝑉𝑖′(𝑑) ∙ 𝜔𝑖′)𝑛𝑖=1          (4) 212 

𝑄𝑡𝑜𝑡𝑎𝑙 = ∑ (𝐶𝑉 ∙ 𝑝 ∙ 𝑁𝑖 ∙ 𝑉𝑖(𝑑0))𝑛𝑖=1               (5) 213 
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where 𝐶𝑉.𝑖′  is the viral concentration of droplets with i diameter after considering the ECG effect 214 

on particle size (RNA copies/mL), 𝑁𝑖′ is the number of droplets with i diameter after considering the 215 

ECG effect on particle size (part. m−3), 𝑉𝑖′(d) is the volume of a single droplet (mL) as a function of 216 

the droplet diameter after considering the ECG effect on particle size (d), and 𝜔𝑖′  is the deposition 217 

fraction of droplets with i diameter after considering the ECG effect on particle size (the values were 218 

selected according to the ICRP data (Protection 1994) ). 219 

The supersaturation diameter growth factors for inhaled air with different saturated vapor pressures 220 

(d/𝑑0) can be calculated from the following equation (Xi et al. 2015): 221 𝑑𝑑0 = 1 + 0.865∙|𝑃𝑣−𝑃𝑣.𝑜|0.293𝑑𝑖1.13                  (6) 222 

where 𝑃𝑣 is the saturated vapor pressure of the ambient air (hPa), and 𝑝𝑣.𝑜 is the saturated vapor 223 

pressure of air in the respiratory tract (T=37 °C, RH=99%, 𝑃𝑣=62.1hPa). 224 

However, droplet condensation in the airways (ECG effect) changes their particle size (𝑑𝑖′), which 225 

modifies the concentration of viral charges in the droplets (𝐶𝑉.𝑖′ , copies/mL) due to a higher liquid fraction. 226 

Meanwhile, it should not change the absolute number of viral copies in the droplet (For example, a 1 μm 227 

droplet has the same number of viral charges after condensation, whereas their concentration is reduced 228 

owing to a higher liquid volume). Therefore, the absolute number of viral copies in a droplet with i 229 

diameter after considering the ECG effect can only be a dynamic cumulative value (Equation 7), not 230 

directly calculated by the original parameters, such as particle size and concentration (Equation 4). 231 𝑄𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛′ = ∑ (𝐶𝑐𝑢𝑚.𝑖′ ∙ 𝜔𝑖′)𝑛𝑖=1                (7) 232 

𝛼 = ∑ (𝐶𝑐𝑢𝑚.𝑖′ ∙𝜔𝑖′)𝑛𝑖=1∑ (𝐶𝑉∙𝑝∙𝑁𝑖∙𝑉𝑖(𝑑0))𝑛𝑖=1                    (8) 233 

where 𝐶𝑐𝑢𝑚.𝑖′  is the total viral load of droplets with diameter i after considering the ECG effect on 234 

the particle size (RNA copies). 235 

2.5 Respiratory particle deposition and Virion exposure 236 

To illustrate the impact of ECG effect on respiratory particle deposition and Virion exposure, this 237 

paper presents the calculation process of dynamic virus deposition ratio, α, in typical cold-saturated 238 

condition (Example Case: T=5 °C, RH=95%), As shown in Fig. 4.  239 

According to the Equation 6, the droplets diameter would change during inhalation. The smaller the 240 

particle size, the bigger growth factor, and only small particle (<10 μm) shows significantly grow (see 241 

Fig. 4 a)). It is assumed that these droplets are deposited after condensation, and the final droplets 242 
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distribution ranged from 3 μm to 100 μm. This change is unfortunate to reach the high-risk deposition 243 

peak in the airways (see Fig. 4 b)). As a result, the number of deposited particles increased by 3 times 244 

(see Fig. 4 c)), the dynamic virus deposition ratio, α, of this condition could go as high as 51.94% (see 245 

Fig. 4 d)). Thus, it is evident that the virion exposure and infection risk increases dramatically. 246 

 247 

Fig. 4 Calculation process of dynamic virus deposition ratio, α, in typical cold-saturated condition 248 

(Example Case: T=5 °C, RH=95%). a). Only small particle (<10 μm) shows significantly grow; b). 249 

The grown small particles are unfortunate to reach the high-deposition peak in the airways; c). 250 

The deposited particles number increased by 3 times; d). the dynamic virus deposition ratio, α, of 251 

this condition could go as high as 51.94%. It is evident that the virion exposure and infection risk 252 

increases dramatically. 253 

2.6 Infection Risk under varying environments 254 

Thereafter, the dynamic virus deposition ratio, α, is used to correct the breathing rate of Susceptible 255 

population, 𝑝, and the modified dimensionless inhalation rate,  𝑝′, is expected to reflect the dynamic 256 

risk due to ECG effect more accurately.  257 
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𝑝′ = 𝑝 ∙ 𝛼                        (9) 258 

Infection risk (𝑅𝑗.𝑡, %) as a function of exposure time (t) of susceptible people. 259 𝑅𝑗.𝑡 = 1 − e−𝑝′∙∫ 𝑛(𝑡)𝑗𝑡0 dt                 (10) 260 

In the end, the basic reproductive number (𝑅0) could be calculated if we multiplying the peak of 261 

infection risk by the number of all exposed persons during the exposure time (Rothman et al. 2011). 262 

3.Results 263 

3.1 quanta emission rate from different respiratory activities 264 

Fig. 5 shows the 𝐸𝑅𝑗 (quanta.h-1) trends as a function of time and viral load in the throat (𝐶𝑣, Log10 265 

RNA copies. mL−1) and the quanta-RNA copies correction factor (𝐶𝑖, 0.01-0.1) from three respiratory 266 

activities (Breath, Voice, Cough) and light exercise activity level (𝑝, 1.38m3/h). For the sole purpose of 267 

simplifying the discussion, zones representative of low (< 1 quantum h−1) and high (> 1 quantum h−1) 268 

quanta emission are separated by the red dotted line indicated (𝐸𝑅𝑗, 1 quantum h−1).  269 

The trends of the quanta emission rate are similar to that of the viral load of SARS-CoV-2 in a 270 

patient’s body fluids, peaking approximately 4 to 6 days after onset and then decreasing over time. In the 271 

case involving typical clinical symptoms of the COVID-19 patient (cough condition), the quanta 272 

emission rate covers the range of 10-4 to 105 quanta.h-1, up to 5.55 × 104 quanta.h-1. A high emission in 273 

the case of coughing was achieved at 11 days out of 15. Speech is one of the most important 274 

communication methods between people (Voice condition). The quanta emission rate covering the range 275 

of 10-5 to 104 quanta.h-1, is approximately 1/10 of the coughing condition. A high emission in the case of 276 

speaking can be achieved only at five days out of 15. It is noteworthy that breathing is a continuous 277 

behavior of an asymptomatic person during his/her daily activities (breath condition). Although the 278 

quanta emission rate fails to achieve a high emission zone in the breath condition, more viruses might 279 

accumulate over time due to having a higher frequency than cough and voice conditions. 280 
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 281 

Fig. 5 ERj (quantum h−1) trends as a function of the time and the viral concentration in throat (𝑪𝒗, 282 

Log10 RNA copies.mL−1) and quanta-RNA copies correction factor (𝑪𝒊 , 0.01-0.1) for the three 283 

respiratory activities (Breath, Voice, Cough). Only the first 15 days of data are calculated after 284 

onset. Zones representative of low (< 1 quantum h−1) and high (> 1 quantum h−1) quanta emission 285 

are separated by the red dotted line indicated. 286 

3.2 Infection risk for different environments 287 

This section aims to show how the environmental parameters (T, RH, and 𝑃𝑣) are linked to the 288 

disease transmission risk in two different microenvironments, low-temperature saturated condition 289 

(Low-T: T=10℃, Saturated: RH=100%, 𝑅𝐿𝑇𝑆), and middle-temperature unsaturated condition (Middle-290 

T: T=25°C, Unsaturated: RH=60%, 𝑅𝑀𝑇𝑈𝑆 ).The following input data are defined: 𝐶𝑣  is 108 RNA 291 

copies/mL, 𝐴𝐸𝑅 is 0.2 h-1 (natural ventilation (Buonanno et al. 2020)), 𝐾 is 0.24 h-1 (Chatoutsidou 292 

&Lazaridis 2019), λ is 0.4 h-1 and 0.8 h-1 respectively for 𝑅𝐿𝑇𝑆 and 𝑅𝑀𝑇𝑈𝑆 (according to Appendix A: 293 

Table A.3), Ci is 0.02 (Watanabe et al. 2010), 𝑉 is 8m*6m*3.5m=168 m3, and 𝑝 is 1.38 m3.h-1 (light 294 

exercise activity level (Adams 1993)). It is assumed that only an asymptomatic infector remained inside 295 

the environment for 10 min, the infection risk is simulated for up to 6 h, as shown in Fig. 6. 296 

The trends highlight that the brief stopover of the asymptomatic infector in the microenvironments 297 

leads to a peak risk of infection at 10 min. The more intense the respiratory activity, the higher the quanta 298 

emission rate. Therefore, the highest disease infection risk was 50% for cough, 6.2% for voice, and 1.2% 299 
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for breath. In particular, it is known from the literature mentioned above that the viruses are found to 300 

survive better in low-temperature air, and the subsequent particle growth of inhaled supersaturated air 301 

promotes lung deposition. Therefore, it is understandable that a higher peak infection risk is reached at 302 𝑅𝐿𝑇𝑆 (T=10 °C, RH=100%) rather than 𝑅𝑀𝑇𝑈𝑆 (T=25 °C, RH=60%). Cough, ∆𝑅=15±3.3%, p<0.01; 303 

Voice, ∆𝑅=2±0.5%, p<0.01; Breath, ∆𝑅=0.0022±0.0006%, p<0.01. 304 

 305 

Fig. 6 Infection risk trends as a function of time (an asymptomatic infector remained inside the 306 

space for 10 min). The difference (△R) between RLTS (T=10℃，RH=100%) and RMTUS (T=25℃，307 

RH=60%) for three respiratory activities (Cough, Voice, Breath) are compared, respectively. 308 

3.3 Typical scenarios studies 309 

The research results in Section 3.2 support the argument that infection risk varies with the 310 

environment. Therefore, six typical exposure scenarios from daily life were chosen to analyze the effects 311 

of environmental parameters on disease transmission risk. The control parameters for the different 312 

exposure scenarios are summarized in Table 2. 313 

First, the exposure scenarios of the shower room (Case 1, high-T and high-RH conditions (China 314 

1998)), and the sauna (Case 2, high-T and middle-RH conditions (China 1998),) were selected to analyze 315 

the infection risk under high temperature. Second, the most common exposure scenario during daily life 316 

is selected as a comparison condition (Case 4, middle-T and middle-RH conditions (China 2017)). As 317 

the flu season approaches, the indoor exposure scenarios during raining condition in autumn(Case 5, 318 

middle-T and high-RH conditions (Nan et al. 2009)),and during heating conditions in winter (Case 3, 319 

middle-T and low-RH conditions (Yan 2015)) were selected to analyze the infection risk under middle 320 
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temperature. Finally, based on the conclusions in Section 3.2, the infection risk in the scenario (cold and 321 

damp) must be taken seriously. Therefore, the extreme typical exposure scenario of the seafood cold store 322 

(Case 6, low-T and high-RH conditions (China 2010)) is analyzed.  323 

Table 2 Control parameters for different exposure scenarios 324 

Environment parameters Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 

Temperature a (T, ℃) 40 60 20 24 20 5 

Relative Humidity b (RH, %) 90 50 30 60 80 95 

Viral inactivation (λ, h-1) 0.8 0.99 0.4 0.9 0.2 0.15 

Saturated vapor pressure (Pv, hPa) 66.37 99.64 7.01 17.9 18.7 8.3 

Vapor Pressure difference c (|Pv-Pvo|, hPa) 4.27 37.5 55.1 44.2 43.4 53.8 

a: High-temperature: T>30℃; Middle-temperature: 10℃<T<30℃; Low-temperature：T<30℃.  325 

b: Higher-humidity: RH>80%; middle humidity: 40%<RH<80%; lower humidity: RH<30%.  326 

c: Absolute value of the saturated vapor pressure difference between ambient air and respiratory tract air. 327 

Respiratory boundary conditions: T=37 °C, RH=99%, and Pvo=62.1 hPa .  328 

For all the typical exposure scenarios considered in the simulations, the asymptomatic infector 329 

remains inside the environment for 5 min, as shown in Fig. 7. The aim is to compare the infection risk 330 

during speaking (Voice, j=2) in the shared air space. For this reason, the following assumption for all 331 

scenarios are defined: 4 persons are always present; 1 new visitor every 5 min enters; every visitor 332 

remains inside for 5 min; thus, 5 persons are simultaneously present. The other input data is consistent 333 

with section 3.2. 334 

Although the quanta emission rate is consistent in each scenario, viral inactivation in air (λ) and the 335 

deposition fraction in the respiratory tract (ω) are significantly influenced by the environment. Thus, 336 

remarkable differences in disease transmission between the scenarios are noted. The brief stopover of the 337 

asymptomatic infector in the microenvironments leads to a peak risk of infection at 5 min (𝑅𝑚𝑎𝑥, the 338 

peak of infection risk). After the asymptomatic infector leaves, the quanta concentration slowly drops to 339 

a safe level (𝑇terminal , the high infection risk duration of the microenvironment). During this period, the 340 

number of all the persons who visited the microenvironment is counted (𝑁𝑚𝑎𝑥 , the number of all exposed 341 

persons). In the case of middle-T conditions, such as Case 3, Case 4, and Case 5(20℃, 24℃, 20℃), as 342 

the 𝑅𝐻 increases gradually (30%, 60%, 80%), the 𝑅𝑚𝑎𝑥 decreases first and then increase later (3.6 %, 343 

2.1 %, 4.8 %); this may be because the middle RH (45%–60%) is found to be the least favorable for viral 344 

survival. Furthermore, in the case of high-RH conditions such as Case 1, Case 5, and Case 6 (90%, 80%, 345 

95%), as the ambient 𝑇 reduces gradually (40 °C, 20 °C, and 5 °C), the 𝑃𝑉  difference in vivo and in 346 
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vitro gradually increases (4.27 hPa, 43.4 hPa, 53.8 hPa), and  𝑅𝑚𝑎𝑥   also shows a rising trend (2.3%, 347 

4.8%, 5.2%). The large value for Case 6 is evidently due to the low viral inactivation in the air (SARS-348 

CoV-2 was found to survive better at low temperature conditions) and the high deposition fraction in the 349 

respiratory tract (the supersaturated air could promote lung deposition due to the ECG effect). This could 350 

be another explanation as to why COVID-19 transmission was enhanced in the frozen seafood market, 351 

in which the environment is usually cold and damp. 352 

 353 

Fig.7 Infection risk (Rmax) and number of the exposed persons (Nmax) for all scenarios. The graph 354 

shows the brief stopover of the asymptomatic infector (first 5 min) and the high infection risk 355 

duration of the microenvironment (Tterminal). Although the quanta emission rate is consistent in 356 

each scenario, viral inactivation in air (λ) and the deposition fraction in the respiratory tract (ω) 357 

are significantly influenced by the environment. The highest Rmax and the longest Tterminal might be 358 

an explanation as to why COVID-19 transmission was enhanced in the frozen seafood market, in 359 

which the environment is usually cold and damp (Case 6). 360 

4. Discussion 361 

It can be concluded from Fig. 8 that people entering the microenvironment around the quanta 362 

concentration peak are at a higher risk than those entering after the peak, and each of them received their 363 

own risks. Basic reproduction number R0 is the key index of evaluating the transmission risk of infectious 364 
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disease. Fig. 8 shows the comparison between the 𝑅0 simulated by the original W-R model and the 𝑅0′  365 

simulated by the modified W-R model.  366 

The original W-R model fails to consider the influence of the environment on viral inactivation and 367 

droplet deposition and shows the same result for 𝑅0  in each case, 3.18. However, the 𝑅0′   values 368 

simulated by the modified W-R model were equal to 1.2, 0.89, 2.68, 1.01, 4.68, and 5.52, respectively. 369 

The ratio of the calculated results between the two models (𝑅0′ /𝑅0) are equal to 38 %, 28 %, 84 %, 32 %, 370 

147 %, and 174 %, respectively. As mentioned earlier, the middle RH (45 %–60 %) and high T (> 30 °C) 371 

scenarios were found to be the least favorable to the survival of the viruses, which might be the reason 372 

why the disease infection risk is reduced in Cases 1, 2, and 4. The disease infection risk under low-T and 373 

high-RH conditions is underestimated by the original model, as in Cases 5 and 6. A higher disease 374 

transmission risk is reasonably expected for all indoor environments characterized by low viral 375 

inactivation (low T) and high deposition fraction (high RH). 376 

 377 

Fig. 8 Comparison between the 𝑹𝟎 simulated by the original W-R model and the 𝑹𝟎′  simulated 378 

by the modified W-R model. The 𝑹𝟎 for all the exposure scenarios is a constant value, 3.18, since 379 

the effects of environmental factors on virus transmission is ignored. Whereas the 𝑹𝟎′  changed 380 

with the environmental parameters. The disease infection risk under low-T and high-RH 381 

conditions is underestimated by the original model, as in Cases 5 and 6. 382 
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5. Conclusions 383 

The original W-R model ignored the influence of the environment on viral inactivation and droplet 384 

deposition, which might lead to the inappropriate distribution of emergency aid. In addition, to make 385 

matters worse, high-risk environments, such as the frozen seafood market, are ill-equipped to effectively 386 

control the epidemic due to inadequate information, attention, and action, which may lead to higher risk 387 

or something even more catastrophic. 388 

In this study, a new approach is proposed to fill the gaps in knowledge when quantitatively 389 

evaluating the influence of environmental parameters on the spread of respiratory tract infections. We 390 

analyzed the current available data on the effects of environment on disease infection risk and identified 391 

the most critical parameters (T, RH, and 𝑃𝑣 ), and developed an alternative modified W-R model to 392 

address the afore-mentioned problems by proposing the dynamic virus deposition ratio (α) to assess the 393 

infection risk under varying environments. Then, it is applied to six typical exposure scenarios in daily 394 

life, reflecting how the environmental parameters are linked to viral inactivation and particle deposition, 395 

thus quantitatively affecting the transmission risk. In particular, the infection risk in a cold-damp scenario, 396 

such as seafood cold store, can reached 6 times higher than in other scenarios at most. 397 

Although we focus here specifically on SARS-CoV-2, this model is equally adaptable to studying 398 

the quantitative relationship between environment and the infection risk of any mutated strains of SARS-399 

CoV-2, even other airborne transmission disease. This modified approach will enable healthcare workers 400 

and disinfection equipment to be assigned to high-risk environment for COVID-19 prevention, before 401 

the infection outbreak, rather than passively waiting. 402 
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