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Abstract 

The COVID-19 pandemic, alternatively known as the coronavirus pandemic, is an unfolding 

pandemic of coronavirus disease 2019 (COVID-19) across the entire globe in an 

unprecedented proportion. COVID-19 is caused by severe acute respiratory syndrome 

coronavirus 2. The mode of transmission of COVID-19 is a subject of intense research. The 

airborne transmission is one prime possibility. Breathing and talking are natural processes 

which generate exhaled particles. The exhaled air is an aerosol/droplet composed of 

naturally produced particulates of varying size. The duration over which the 

aerosols/droplets are suspended in the air is an important factor. Long suspended 

aerosols/droplets are potential source of transmission, particularly in confined spaces. We 

have calculated times of suspension by considering various environmental factors, namely, 

the ambient temperature and relative humidity in a confined space, in this work. Both 

temperature and relative humidity affect the suspension time of the exhaled 

aerosols/droplets with varying degree. The effects of environmental factors are significant 

for aerosols, particularly for those with small radii. We have discussed the possible 

implications of our findings in this paper. 

Keywords: COVID-19; Airborne transmission; Suspended aerosols and droplets; Effects of 

temperature and relative humidity. 

© 2021 JSR Publications. ISSN: 2070-0237 (Print); 2070-0245 (Online). All rights reserved.  
doi: http://dx.doi.org/10.3329/jsr.v13i2.50273                 J. Sci. Res. 13 (2), 495-506 (2021) 

1.   Introduction 

As of today (09 January, 2021), according to the https://www.worldometers.info/ 

coronavirus/ update, almost 90 million people all over the world have been infected by the 

novel coronavirus SARS-CoV-2. The death toll attributed to the COVID-19 has exceeded 

1.9 million across the globe with no sign of the pandemic slowing down its pace of 

spread. In fact, the second wave, particularly in Europe and in the USA are gathering 

momentum in an unprecedented pace. From the early stage of this unfolding pandemic, it 

was thought that the environmental factors might have important role in determining the 

virus survivability and their transmission [1]. For example, relative humidity, defined as 

the ratio of water content to its saturation value in ambient air, as well as the ambient 
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temperature, have been found to be strong environmental determinants of other viral 

transmissions like influenza [2,3]. It was suggested that hot and humid conditions do not 

favor the novel coronavirus and their transmission, yet this suggestion is still under 

considerable debate owing to many other uncertainties associated with the COVID-19 

data [4]. Therefore, it is of paramount importance to understand properly the possible 

effects of environmental factors on the ongoing COVID-19 outbreak to support and 

facilitate necessary decision-making pertaining to the control of this disease.  

 The mode of transmission of novel coronavirus SARS-CoV-2 can be direct, indirect, 

via close contact with infected people (including asymptomatic and pre-symptomatic 

carriers) through secretions carrying viral load. These secretions include saliva and 

respiratory droplets which are expelled when an infected person sneezes, coughs, breaths, 

and even talks. In general, respiratory droplets are over 5-10 micron (μ) in size [5]; the 

size increases significantly during sneezing and coughing [6]. Larger droplets naturally 

contain larger viral load. Droplets with diameters < 5μ are known as droplet nuclei or 

aerosols. Such droplets have low viral load but can stay suspended in ambient air for a 

long time before settling on available surfaces due to combined effect of air flow and 

gravity. These long hanging particles in air can pose serious health hazard, particularly in 

a confined space [5]. 

 In recent times, the World Health Organization (WHO) has issued health warning 

regarding the spread of COVID-19 by airborne transmission [5]. Categorically, airborne 

transmission can be defined as the spread of an infectious agent caused by the 

dissemination of aerosols which remains infectious when suspended in air over long 

distances and times. Airborne transmission of COVID-19 is particularly relevant in 

medical procedures which generate large volume of aerosols [5]. There is growing 

evidence that this particular mode of transmission is also active the absence of medical 

aerosol generating environments where natural process is the only source, especially in 

indoor settings with poor ventilation [5]. 

 The dynamical processes involved with exhaled air and its flow have led to 

hypotheses regarding the possibility of aerosol transmission of SARS-CoV-2 [7-10]. 

Broadly speaking, the proposed scenarios suggest that respiratory droplets result in 

aerosols due to natural process of evaporation and normal breathing and talking creates 

aerosols. Therefore, a susceptible person could inhale the aerosol carrying viral load and 

could become infected with SARS-CoV-2. However, the amount of infectious dose of 

viable SARS-CoV-2 required to infect a person is not clear at this moment [11]. There are 

subjective elements involved with this factor, like the state of health and level of 

immunity of the susceptible subject, and requires further investigation for a clearer picture 

to appear. There are several recent studies concerned with generation of droplets and 

aerosols during exhalation, talking, coughing, and sneezing [12-14]. It has been suggested 

that there is high variability among individuals in terms of droplet/aerosol emission rates 

during talking and with increased rates linked with raised level of vocalization [9]. 

 There are several reports on suspension time and dynamics of respiratory droplets and 

aerosols in the existing literature. Most of these studies are experimental in nature or 
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computer simulations [15,16]. In a recent work, Singh and Kaur [17] calculated the 

suspension time of aerosols with different diameters by using the Newtonian-Stokes 

formalism. The possible environmental effects due to variation of temperature and 

humidity were not considered. The environmental factors are thought to play important 

roles in the transmission of COVID-19 [16]. It has been reported that high temperature 

and high relative humidity disrupt SARS-CoV-2 viability and activation [4]. The precise 

reasons though are still not clear [18-20]. Considering the available information, 

Morawska and Cao [10] stressed that small particles with viral content may travel in 

indoor, covering distances reaching 10 meters starting from the point of emission, thereby 

activating aerosol transmission. Recently, Paules et al. [21] pointed out that the airborne 

transmission may also occur besides close distance contact mode. Both experimental and 

computational fluid dynamic approaches support such assumptions. Asadi et al. [14] paid 

experimental attention to the emitted particle number and to their size distribution of 

aerosol emissions occurring during human speech and found a high variability among 

individuals. Analytical studies taking into consideration of the prime environmental 

factors – temperature and humidity, on the droplet and aerosol suspension times in the 

ambient air for possible airborne transmission of the SARS-CoV-2 are very limited.     

 Against this backdrop, we feel that an analytical theoretical study of the droplet and 

aerosol suspension times for different sizes under different environmental factors is 

important. Our focus, in this study, is on pre-symptomatic asymptomatic virus carriers, 

i.e., subjects who do not show noticeable pathological symptoms like coughing and 

sneezing. Such subjects do not emit high velocity particles in the environment such as 

those which happens while coughing and particularly while sneezing. We aim to carry out 

theoretical calculations of droplet and aerosol suspension times under different 

temperature and relative humidity in this paper in case of low velocity emission in 

confined spaces. The rest of the paper is structured as follows. Section 2 presents the 

calculational details and results. We discuss the implications of our findings and 

summarize the conclusions in Section 3. 

2. Model, Calculations, and Results  

What happens to the emitted droplets and aerosols (or particles to mean both) during 

exhalation, talking, coughing, or sneezing in ambient air? The emitted particles have a 

distribution of velocities and behave as small projectiles in air. These velocities diminish 

rapidly due to the viscosity of air and after a very short while gravity becomes the major 

factor in controlling the motion of the larger and heavier droplets. The motion and state of 

the smaller particles can be affected by the flow of air. Herein, we have omitted the effect 

of air flow and possible occurrence of turbulence in our calculations. We have also 

neglected the effect of buoyancy on the falling particulates due to air. This is reasonable 

[22] because of the almost three orders of magnitude difference between the density of 

exhaled substances (largely water based) and that of the ambient air. It should be stressed 

that the calculations to follow are more appropriate for indoor environment.  
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 Gravity is ubiquitous. Under the influence of gravity, the emitted particles are 

accelerated downwards towards the ground. Air, on the other hand, is a viscous fluid and 

moving particles through air feels viscous drag opposing the acceleration due to gravity. 

As a result, the particle reaches a terminal velocity. The magnitude of this limiting 

velocity which remains unchanged till the particle settles on the ground depends on the 

size of the particle and viscosity of the fluid through which it moves. 

 In this study we model the situation where an adult is the emitter of particles during 

exhalation. We take the mean heights of adult men and women are approximately 164 and 

178 cm, respectively [23]. The average of the means is 171 cm. The sources of emission 

(nose and mouth) of droplets and aerosols lie approximately 15 cm below the top of the 

skull. Therefore, the effective height above the ground has been considered as 156 cm. 

For macroscopic bodies, released from moderate heights (~ 10 m), the viscous drag 

resisting the motion towards ground is often neglected. The fall down time, tf, is 

independent of the horizontal component of the velocity of the macroscopic body, if any, 

and is given by, tf = (2h/g)
1/2

, independent of the mass and size of the falling object. Here, 

h is the height of release and g is the acceleration due to gravity. For h = 1.56 m, tf = 0.564 

s with standard value of g = 9.81 m/s
2
.  This situation changes drastically for small 

particulates. The equation motion for the emitted particulates of radius r during exhalation 

falling towards the ground can be expressed as, 

 
     

  
    (        ) (1) 

In the above differential equation, m is the mass of the particle, v(t) is the time dependent 

velocity of descent, and   is the coefficient of viscosity of ambient air through which the 

droplet/aerosol falls down. The second term within the bracket in the right-hand side is the 

force due to viscous drag which opposes the force due to the acceleration due to gravity. 

This force due to viscous drag slows down the velocity of descent which otherwise would 

have increased uniformly under the influence of gravity. Eqn. 1 is a simple first-order 

differential equation, where the two variables t and v(t) can be separated. The general 

solution of Eqn. 1 is given by, 

          ( 
 

  
)      (2) 

In this equation C is a constant and t0 is a characteristic time which can the termed as the 

time constant that determines the rate of exponential decrease in the velocity of descent. 

For this particular problem, t0 = (m/6 r). The constant, C can be obtained by using the 

boundary condition, v(t) = 0 at t = 0 in Eqn. 2, giving C = -gt0. Substituting this value of C 

into Eqn. 1, we get, 

               ( 
 

  
)  (3) 

The velocity of descent, v(t) at any instant of time t is related to the height from the 

ground at that particular instant h(t) by the equation, 
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Therefore, one can obtain h(t) (measured from the point of emission) by integrating the 

above equation with respect to time. Using Eqn. 3 and the boundary condition h(t) = 0, at t 

= 0, we obtain, 

             {   ( 
 

  
)   }  (4) 

The time of suspension or the fall down time or the total time of descent, has the same 

meaning in this investigation. This time, ts, is the time required for a droplet/aerosol to 

reach the ground which originated at a height h from the ground at a time t = 0. In all 

subsequent calculations, we take h = 1.56 m. Furthermore, it should be noted that the 

expression for the time constant involve the mass of the particulate, m. It is possible to 

express this mass in terms of the volume and density of the droplet/aerosol. To minimize 

the surface energy, droplets and aerosols assume spherical shape. The density, ρ, of novel 

SARS-CoV-2 is not known precisely. Therefore, a reasonable approximation should be 

the density of water, taken as 1 g/cm
3
 (in the CGS unit) or 1000 kg/m

3
 (in the SI unit). 

With these assumptions, the expression for t0 becomes,    
 

 
 
   

 
 . The temperature 

dependence of the density has been neglected. For temperatures of interest (10C to 

50C), this is reasonable because the variation in the density of water with temperature is 

minute compared to the variation of the coefficient of viscosity.  

 The common environmental factors are pressure, temperature, and humidity. Among 

these, pressure has a little effect on the viscosity of gases. In fact, for ideal gases, there is 

no effect of pressure on viscosity. Real gases, at around the atmospheric pressure, behave 

quite closely as ideal gases. Thus, in our calculations, we have not considered the effect of 

atmospheric pressure on the time of suspension, ts. It is also worth noting that compared to 

temperature and humidity the range over which atmospheric pressure varies is quite small. 

Both temperature and humidity affect the coefficient of viscosity. Unfortunately, accurate 

and analytical expressions considering the real intermolecular potential to describe the 

effect of temperature and humidity on the viscosity of air over wide ranges of parameter 

values do not exist in the literature. Under the circumstances, we have used the 

experimentally determined temperature and humidity dependent values of the viscosity of 

air to calculate ts as functions of temperature and humidity [24].  

 We start by showing the size (radius) dependence of the droplet/aerosol on the time 

of suspension in Fig. 1 below. Here, the value of viscosity,  , has been taken as 1.85  10
5
 

kg/m-s at standard temperature and relative humidity (25C and 50%, respectively). 
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Fig. 1. Time of suspension versus the radius of the exhaled particulate. The full vertical line 

separates the aerosols from the droplets.  

 

 Fig. 1 illustrates some interesting features. Initially, the time of suspension decreases 

rapidly with increasing radius of the exhaled particulates. For example, tss for aerosols of 

radii 1 μ and 5 μ are 221 min (3 h and 41 min) and 8.83 min, respectively. For droplets, on 

the other hand, the times of suspension are 2.21 min and 0.56 min for radii of 10 μ and 20 

μ, respectively. This shows that the time over which exhaled particulates hang in air varies 

over wide range depending on the size. For droplets with radii over 15 μ, ts become less 

than a min. This implies that for r > 15 μ, possibility of airborne transmission is low, 

particularly in confined spaces. Large droplets settle quite quickly to the ground and the 

possibility of airborne transmission is diminished. Such droplet can contribute to fomite 

transmission which is a proven mode of transmission of SARS-CoV-2 [25-27]. 

 Next, we have displayed the effect of temperature on ts at standard relative humidity 

(RH) in Fig. 2. The temperature dependent values of viscosity of air have been taken from 

previously published work [23]. 
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Fig. 2. Time of suspension versus ambient air temperature for different radii of the exhaled aerosols 

and droplets at a fixed value of RH. 

 Fig. 2 discloses that temperature has significant effect on ts only for small aerosols. 

For example, the ts is about 53 min at 10C for an aerosol of radius 2 μ which increases to 

57.25 min at 40 C. For droplets, the time of suspension does not depend significantly on 

temperatures of interest.  

 The effect of relative humidity on ts is displayed in Fig. 3. Here we have shown 

results only for the particulates in the form of aerosols. The effect of RH on ts for droplets 

(r > 5 μ) is insignificant. 

It is seen from Fig. 3 that RH affects the time of suspension of aerosols which in turn 

depends on the temperature of the ambient air. The effect of RH on ts becomes significant 

at high temperatures. 

 

 

 

 

 

 

 

 

0

10

20

30

40

50

60

0 10 20 30 40 50

r = 2 micron

r = 5 micron

r = 10 micron

r = 18 micron

t s
 (

m
in

u
te

)

Ambient air temperature (
0
C)



502 Transmission of COVID-19 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Effect of relative humidity on ts at different temperatures for (a) r = 1 μ, (b) r = 2 μ, and (c) r 

= 5 μ. 

3. Discussion and Conclusion 

 

Our calculations demonstrate clearly that environmental parameters affect the time of 

descent with varying degrees. The major effect on ts comes from the size of the exhaled 

particulates. This is particularly true for small aerosols. Particles with radii over 5 μ fall 

down to the ground within minutes or a few tens of seconds. Calculations of tss how that 

only the aerosols hang in the air for long. Aerosols of radii ~ 1 μ are suspended in air for 

hours. The viral loads in such small particulates are expected to be low but still might be 

enough to infect people with conditions which suppress natural immunity. The droplets, 

on the other hand settle quite quickly to the ground or on structures (for example, 

furniture) below the point of emission. In this case, respiratory secretions or droplets 

exhaled by infected individuals can contaminate surrounding surfaces and objects, 
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creating fomites (contaminated surfaces). Viable SARS-CoV-2 virus and/or RNA detected 

by RT-PCR can be found on those surfaces for periods ranging from hours to days [25], 

depending on the ambient environment (including temperature and humidity) and the type 

of surface [28,29]. Thus, transmission of COVID-19 may also occur indirectly through 

touching such surfaces or objects contaminated with virion from an infected individual. 

Therefore, larger droplets pose a risk of different kind from that due to the airborne 

transmission mode. 

Beside the size of the aerosols/droplets, both temperature and RH affect ts. For a fixed 

RH, ts increases with increasing temperature. The rate of increment though is strongly size 

dependent. For droplets the effect of temperature on ts is insignificant. For small aerosols, 

ts increases notably with increasing temperature (Fig. 2). The overall physical effect of 

temperature on airborne and other modes of transmission in indoor environment is quite 

complicated. Because an increase in ts with temperature for aerosols implies greater risk 

of infection by inhalation for an uninfected subject, but increase of temperature also aids 

evaporation and drying of the exhaled particulates which will decrease the viral load in 

individual droplets.  

 RH has an opposite effect compared to that due to temperature. Increase in RH leads 

to a decrease in the ts. The rate of decrement depends strongly on the temperature of the 

ambient air. At low temperature the variation in RH changes ts very weakly. The effect 

becomes significant at high temperatures (Figs. 3), irrespective of the size of the 

aerosol/droplet. For example, at 40C, ts = 239 min with RH = 0% for an aerosol with r = 

1 μ, ts decreases to 232 min for the same aerosol at the same temperature with RH = 

100%. The situation at 50C is as follows: ts = 245 min with RH = 0% for an aerosol with 

r = 1 μ, ts decreases to 233 min for the same aerosol at the same temperature with RH = 

100%. It is interesting to note that, for 100% RH the difference between tss for 40 and 

50C is almost zero. Therefore, one can conclude that at high temperatures with high RH 

ts is affected little by the variation of temperature. The overall physical effect of relative 

humidity on the risk of airborne and other modes of transmission is also difficult to assess. 

This is because, even though ts decreases significantly with increase in the RH at high 

temperatures, an increase in the RH decreases the rate of evaporation and drying time of 

larger droplets. 

 It should be noted that the rate of evaporation of droplets and aerosols depend on 

ambient temperature, RH and natural and forced convections [30, 31]. The effect of forced 

convection due to free flow of wind is minimal in confined spaces. Nevertheless, 

evaporation is a spontaneous process due to Maxwellian velocity distribution of the 

kinetic energies of the molecules at any temperature and RH. The effect of surface tension 

is also important. The surface area to volume ratio is extremely high in aerosols. The total 

energy of such small particles is significantly dominated by surface energy. Once all these 

effects are considered, the analyticity of the mathematical treatment regarding evaporation 

is lost [30, 31]. In this study, our focus has been on a simple analytic methodology to 

estimate the droplet/aerosol suspension time in air in confined spaces. Still, we have tried 

to estimate roughly the effect of evaporation on droplet suspension time in air under 
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standard atmospheric conditions following the methodology developed by Pinheiro and 

Vedovodo [30]. For large droplets (with sub-millimeter radius) the effect of mass-loss due 

to evaporation is small. For example, the rate of mass-loss for a droplet of r = 0.3 mm is ~ 

1%/s consistent with the findings in Ref. [31]. Such large droplets fall very quickly to the 

ground and therefore, evaporation does not play any significant role as far as possibility of 

airborne transmission is concerned. The situation for smaller droplets and aerosols is 

different. In the presence of evaporation, rate of loss of mass is rapid, viral loads are 

dispersed easily and the suspension time in the air increases significantly.       

 There are of course biological effects of temperature and RH on the virus itself. In 

this investigation only the physical motion of the aerosols/droplets are considered.  

 In our calculation of ts, we have omitted any effect due to turbulence and also the 

initial speed distribution of the exhaled particulates. In indoor environments nonlinear 

fluid dynamics is not very relevant. Average speed of exhaled particulates during nasal 

breathing is quite small, ~ 1.4 m/s [17]. Inclusion of such small initial velocity will not 

affect the calculations presented herein in any significant way. 

 It is seen that size of the exhaled particulates is the most important factor in 

determining ts. It is reasonable to assume that larger aerosols/droplets contain larger viral 

load. But quite counterintuitively, it may happen that small aerosols are more dangerous 

for possible infection [6]. Aerosols (r < 5 μ) suspended in air might carry a higher 

concentration of virus compared to that in larger droplets [32-34]. Moreover, large 

droplets have less chance to penetrate deeply in the respiratory system and there is 

possibility that those might be deactivated by the effective first structural and defense 

barrier of the mucosa [35]. On the other hand, aerosolised virus hangs in the air for a very 

long time compared to droplets, and can be transmitted airborne through inhalation deep 

into the lungs [36,37], by passing the natural defenses of the upper respiratory system. 

 The time over which the exhaled particles hang in the air is an important parameter to 

assess the risk of airborne transmission of COVID-19. In this paper it has been 

demonstrated that the time of suspension depends both on temperature and relative 

humidity. The effects are intermingled and depend strongly on the size of exhaled 

particulates. The calculations presented in this study are relevant to indoor environments 

like those in confined public offices, ticket counters, queues in the bank etc. In such 

places, pre-symptomatic or asymptomatic subjects can emit substantial viral load through 

normal talking and nasal breathing. Public health policymakers should take the case of 

airborne transmission seriously. This particular mode has the potential to become very 

effective in transmitting the SARS-CoV-2in indoor environments. We hope that this work 

will help the policymakers to formulate guidelines to manage public health situations in 

indoor environments and confined spaces.  

Data availability  

The data sets generated and/or analyzed in this study are available from the corresponding 

author on reasonable request. 
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