
Since the initial emergence of SARS-CoV-2 (lineage 
A), new lineages and variants have emerged (1), 

typically replacing previously circulating lineages. 
The World Health Organization has designated 5 
virus variants as variants of concern (VOCs) (2). To 
assess whether the transmission advantage of new 
VOCs might have arisen partly from changes in aero-
sol and surface stability, we compared them directly 
with a lineage A ancestral virus (WA1 isolate).

The Study
We evaluated the stability of SARS-CoV-2 variants 
in aerosols and on high-density polyethylene (to rep-
resent a common surface) and estimated their decay 
rates by using a Bayesian regression model (Appendix, 
https://wwwnc.cdc.gov/EID/article/29/5/22-1752-
App1.pdf). We generated aerosols (<5 μm) contain-
ing SARS-CoV-2 with a 3-jet Collison nebulizer and 
fed them into a Goldberg drum to create an aerosol-
ized environment (Video, https://wwwnc.cdc.gov/

EID/article/29/5/22-1752-V1.htm), using an initial 
virus stock of 105.75–106 50% tissue-culture infectious 
dose (TCID50) per mL. To measure surface stabil-
ity, we deposited 50 μL containing 105 TCID50 of virus  
onto polypropylene.

For aerosol stability, we directly compared the ex-
ponential decay rate of different SARS-CoV-2 isolates 
(Table) by measuring virus titer at 0, 3, and 8 hours; 
the 8-hour time point was chosen through modeling to 
maximize information on decay rate given the observed 
3-hour decay. We performed experiments as single 
runs (0-to-3 or 0-to-8 hours) and collected samples at 
start and finish to minimize virus loss and humidity 
changes from repeat sampling. We conducted all runs 
in triplicate. To estimate quantities of sampled virus, we 
analyzed air samples collected at 0, 3, or 8 hours post-
aerosolization by quantitative reverse transcription PCR 
for the SARS-CoV-2 envelope (E) gene to quantify the 
genome copies within the samples. To determine the 
remaining concentration of infectious SARS-CoV-2 vi-
rions, we titrated samples on standard Vero E6 cells. To 
check robustness, we also titrated the samples on 2 Vero 
E6 TMPRSS2-expressing lines, yielding similar results 
(Appendix). We estimated exponential decay of infec-
tious virus relative to the amount of remaining genome 
copies to account for particle settling and other physical 
loss of viruses, although we also estimated decay rates 
from uncorrected titration data as a robustness check, 
which yielded similar results (Appendix).

We recovered viable SARS-CoV-2 virus from the 
drum for all VOCs (Figure 1, panel A). The quantity 
of viable virus decayed exponentially over time (Fig-
ure 1, panel B). The half-life of the ancestral lineage 
WA1 in aerosols (posterior median value [2.5%–97.5% 
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SARS-CoV-2 transmits principally by air; contact and 
fomite transmission may also occur. Variants of concern 
are more transmissible than ancestral SARS-CoV-2. We 
found indications of possible increased aerosol and sur-
face stability for early variants of concern, but not for the 
Delta and Omicron variants. Stability changes are unlike-
ly to explain increased transmissibility.



DISPATCHES

posterior quantiles]) was 3.20 (2.33–4.98) hours. The 
B.1, Alpha, and Beta viruses appeared to have longer 
half-lives than WA1: 3.99 (2.73–7.20) hours for B.1, 6.13 
(3.14–27.5) hours for Alpha, and 5.13 (3.16–12.3) hours 
for Beta. The half-life of Delta was similar to that of 
WA1: 3.12 (2.29–4.73) hours. The Omicron (BA.1) vari-
ant displayed a similar or decreased half-life compared 
with WA1: 2.15 (1.35–4.04) hours (Figure 1, panel B). 
To better quantify the magnitude and certainty of the 
change, we computed the posterior of the ratio for vari-

ant half-life to WA1 half-life for each variant (Figure 
1, panel C). Estimated ratios were 1.25 (0.701–2.48) for 
B.1, 1.88 (0.859–8.75) for Alpha, 1.6 (0.838–4.01) for Beta, 
0.978 (0.571–1.63) for Delta, and 0.659 (0.35–1.37) for 
Omicron. That is, initial spike protein divergence from 
WA1 (heuristically quantified by the number of amino 
acid substitutions) appeared to produce increased rela-
tive stability, but further evolutionary divergence re-
verted stability back to that of WA1, or even below it 
(Figure 1, panel C; Appendix Figures 1, 2).
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Table. SARS-CoV-2 isolates used in study of comparative stability and their observed aerosol and surface half-lives* 

SARS-CoV-2 isolate 
WHO 
label PANGO label 

GISAID/GenBank 
accession no. Aerosol half-life, h Surface half-life, h 

hu/USA/CA_CDC_5574/2020  A MN985325.1 3.2 9 (2.33–4.98) 4.82 (4.23–5.49) 
hCoV-19/USA/MT-RML-7/2020  B.1 MW127503.1 3.99 (2.73–7.2) 5.16 (4.48–5.96) 
hCoV-19/England/204820464/2020 Alpha B.1.1.7 EPI_ISL_683466 6.13 (3.14–27.5) 5.13 (4.59–5.74) 
hCoV-19/USA/MD-HP01542/2021 Beta B.1.351 EPI_ISL_890360 5.13 (3.16–12.3) 5.73 (5.01–6.72) 
hCoV-19/USA/KY-CDC-2-4242084/2021 Delta B.1.617.2 EPI_ISL_1823618 3.12 (2.29–4.73) 4.38 (3.48–5.65) 
hCoV-19/USA/WI-WSLH-221686/2021 Omicron B.1.1.529 EPI_ISL_7263803 2.15 (1.35–4.04) 3.58 (2.88–4.47) 
*The half-life of the aerosols or on surface is presented as posterior median value with posterior quantiles. WHO, World Health Organization. 

 
 

Figure 1. SARS-CoV-2 variant exponential decay in aerosolized form and corresponding half-lives. A) Regression lines representing 
predicted exponential decay of log10 virus titer over time compared with measured (directly inferred) virus titers. Points with black bars 
show individually estimated titer values (point: posterior median titer estimate; bar: 95% credible interval). Points at 3 hours and 8 hours 
are shifted up or down by the physical/noninactivation change in viral material estimated from quantitative reverse transcription PCR 
data (Appendix), to enable visual comparison with predicted decay (which reflects only inactivation effects). Semitransparent lines show 
random draws from the joint posterior distribution of the exponential decay rate and the drum run intercept (virus titer at t = 0); this 
visualizes the range of plausible decay patterns for each experimental condition. We performed 50 random draws and then plotted 1 line 
per draw for each drum run, yielding 300 plotted lines per variant. B) Inferred virus half-lives by variant, plotted on a logarithmic scale. 
Density plots show the shape of the posterior distribution. Dots show the posterior median half-life estimate and black lines show a 68% 
(thick) and 95% (thin) credible interval. C) Inferred ratio of variant virus half-lives to that of WA1 (fold-change), plotted on a logarithmic 
scale and centered on 1 (no change, dashed line). Dot shows the posterior median estimate and black lines show a 68% (thick) and 
95% (thin) credible interval. TCID50, 50% tissue culture infectious dose.
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Next, we investigated surface stability of VOCs 
compared with the ancestral variant on polyethylene. 
Again, all variants exhibited exponential decay (Fig-
ure 2, panel A). We found a half-life of 4.82 (4.23–5.49) 
hours for WA1, similar to our previous estimates 
(Figure 2, panel B) (3). Early VOCs had slightly longer 
half-lives: 5.16 (4.48–5.96) hours for B.1, 5.13 (4.59–
5.74) hours for Alpha, and 5.73 (5.01–6.72) hours for 
Beta (Figure 2, panel B). As with aerosols, Delta had 
a half-life similar to WA1 of 4.38 (3.48–5.65) hours 
and Omicron had a somewhat shorter half-life of 3.58 
(2.88–4.47) hours (Figure 2, panel B). We again cal-
culated posterior probabilities for the half-life ratios 
relative to WA1 (Figure 2, panel C). B.1 had a half-life 
ratio to WA1 of 1.07 (0.876–1.32), Alpha a half-life ra-
tio of 1.07 (0.896–1.27), and Beta a half-life ratio of 1.19 
(0.988–1.46). The ratios for Delta and Omicron were 
0.912 (0.694–1.21) and 0.744 (0.578–0.965).

In both aerosol and surface results, the posterior 
95% credible intervals for most ratios overlap 1. Ex-
perimental noise could possibly explain the apparent 
trend toward increased stability for B.1, Alpha, and 
Beta, although the clear bulk of posterior probability 
mass indicates greater half-lives. Conversely, the pos-
terior ratios indicate clearly that Delta and Omicron 
are not markedly more stable than WA1 and might 
be less stable (particularly Omicron and particularly 
on surfaces).

Conclusions
Several studies have analyzed the stability of SARS-
CoV-2 on surfaces or in aerosols in a Goldberg ro-
tating drum (3–7). Most have focused on the dura-
tion over which infectious virus could be detected. 
In this study, we paired a model-optimized experi-
mental design with Bayesian hierarchical analysis 
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Figure 2. SARS-CoV-2 variant exponential decay on an inert surface and corresponding half-lives. A) Regression lines representing 
predicted exponential decay of log10 virus titer over time compared with measured (directly inferred) virus titers. Semitransparent lines 
show random draws from the joint posterior distribution of the virus exponential decay rate and the sample intercepts (virus titers at 
t = 0). We performed 50 random draws and then plotted 6 random initial titers per draw for each variant, yielding 300 plotted lines 
per variant. We chose a new group of 6 random initial titers for each new draw-variant pair. Points with black bars show individually 
estimated titer values (point: posterior median titer estimate; bar: 95% credible interval). Samples with no positive titration wells are 
plotted as triangles at the approximate LOD (dotted horizontal line). B) Inferred virus half-lives by variant, plotted on a logarithmic scale. 
Density plots show the shape of the posterior distribution. Dots show the posterior median half-life estimate and black lines show a 68% 
(thick) and 95% (thin) credible interval. C) Inferred ratio of variant virus half-lives to that of WA1 (fold-change), plotted on a logarithmic 
scale and centered on 1 (no change, dashed line). Dot shows the posterior median estimate and black lines show a 68% (thick) and 
95% (thin) credible interval. TCID50, 50% tissue culture infectious dose.
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to systematically measure virus half-life across 6 
SARS-CoV-2 variants and directly estimate relative 
half-lives with full error propagation. We found a 
small initial increase in aerosol stability from ances-
tral WA1 to the B.1, Alpha, and Beta variants, with 
some statistical uncertainty. However, we found 
that Delta has a half-life similar to that of WA1 and 
that Omicron likely has a shorter one. In surface 
measurements, the VOCs followed the same pattern 
of relative stability, confirming that the overall sta-
bility of SARS-CoV-2 variants is determined by simi-
lar factors in aerosols and on surfaces (8). Divergent 
results on the aerosol and surface stability of VOCs 
have been reported (7,8).

Our study suggests that aerosol stability is likely 
not a major factor driving the increase in transmis-
sibility observed with several VOCs (9,10). The early 
rise in stability for B.1 and its descendants Alpha and 
Beta might have arisen incidentally from selection for 
other viral traits that favored higher transmission. 
Epidemiologic and experimental studies suggest that 
the window for transmission is typically relatively 
short (<1 hour), and thus a modest change in aerosol 
half-life would not have discernible epidemiologic ef-
fects (11). However, in specific contexts of enclosed 
spaces, it will remain vital to understand the temporal 
profile of transmission risks after the release of aero-
sols containing SARS-CoV-2 from an infected person. 
We conducted our experiments under laboratory con-
ditions using tissue culture media, so biological fac-
tors potentially affecting decay (e.g., airway mucins 
and other components of airway-lining fluids) were 
not considered. Novel approaches studying aerosol 
microenvironments have reported initial rapid loss of 
SARS-CoV-2 infectiousness in the seconds after aero-
solization (12); our work only addresses SARS-CoV-2 
decay and stability over longer timescales, after the 
initial deposition loss has occurred.

Whereas evolutionary selection for previous vari-
ants favored high transmission among immunologi-
cally naive humans (13), since late 2021, global pop-
ulation-level selection has favored antigenic change 
(14) and the consequent ability to transmit among 
nonnaive persons. Our findings suggest that in-
creased transmissibility through antigenic evolution 
might come at a tolerable cost to the virus in environ-
mental stability. Overall, the differences in environ-
mental stability among different VOCs, in aerosols or 
on surfaces, are unlikely to be driving variant popu-
lation-level epidemiology.

This article was preprinted at https://doi.org/10.1101/ 
2022.11.21.517352.

Acknowledgments
We thank Michele Adams for clinical specimen  
acquisition, Friederike Feldmann for experimental sup-
port, and Austin Athman for creation of the video. The  
following SARS-CoV-2 isolates were obtained through 
CDC: SARS-CoV-2/human/USA/WA-CDC-WA1/ 
2020, Lineage A; BEI Resources, NIAID, NIH:  
SARS-CoV-2 variant Alpha (B.1.1.7) (hCoV320 19/ 
England/204820464/2020, EPI_ISL_683466), contributed 
by Bassam Hallis, and variant Delta (B.1.617.2/)  
(hCoV-19/USA/KY-CDC-2-4242084/2021, EPI_
ISL_1823618). Variant Beta (B.1.351) isolate name:  
hCoV-19/USA/MD-HP01542/2021, EPI_ISL_890360,  
was contributed by Johns Hopkins Bloomberg School 
of Public Health: Andrew Pekosz. Variant Omicron 
(B.1.1.529, alias BA.1) isolate name: hCoV-19/USA/ 
GA-EHC-2811C/2021, EPI_ISL_7171744, was contributed 
by Emory University, Emory Vaccine Center: Mehul 
Suthar. We thank Andrew Pekosz, Mehul Suthar, Emmie 
de Wit, Brandi Williamson, Sujatha Rashid, Bassam  
Hallis, Ranjan Mukul, Kimberly Stemple, Bin Zhou, Nata-
lie Thornburg, Sue Tong, Stacey Ricklefs, Sarah Anzick 
for generously sharing viruses and/or for propagating 
and sequence-confirming virus stocks.

This research was supported by the Intramural Research 
Program of the National Institute of Allergy and Infectious 
Diseases (NIAID), National Institutes of Health (NIH) 
and Defense Advanced Research Projects Agency DARPA 
PREEMPT # D18AC00031. Contributions of D.H.M., A.G. 
and J.L.S. were further supported by the National Science 
Foundation (DEB-1557022) and the UCLA AIDS Institute 
and Charity Treks. This work was part of NIAID’s  
SARS-CoV-2 Assessment of Viral Evolution  
(SAVE) Program.

T.B., C.K.Y., A.G., D.H.M., R.J.F, V.M., and J.L.S.  
conceptualized the study; T.B., C.K.Y., M.H., and D.R.A., 
and R.J.F. carried out the laboratory experiments; C.I.B. 
and N.v.D. provided the resources; V.J.M. and R.K.P. 
supervised the study; T.B., C.K.Y., D.H.M., R.J.F., and 
A.G. curated the data; D.H.M., J.L-S. analyzed the data; 
T.B., C.K.Y., A.G., D.H.M., R.K.P., V.M., and J.L-S. wrote 
the initial draft of the manuscript, all authors reviewed 
and approved the final manuscript; and T.B., C.K.Y., and 
D.H.M made the visualizations.

About the Author
Mr. Bushmaker is a biologist in NIAIDs Laboratory of 
Virology and is interested in high containment pathogens. 
Dr. Yinda is a postdoctoral research fellow in NIAIDs 
Laboratory of Virology interested in emerging viruses and 
their transmission potential. 

1036 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 5, May 2023



Comparative Stability of SARS-CoV-2 Variants

References
  1. Heidari M, Sayfouri N, Jafari H. Consecutive waves of  

COVID-19 in Iran: various dimensions and probable  
causes. Disaster Med Public Health Prep. 2022;17:e136. 
https://doi.org/10.1017/dmp.2022.45

  2. Konings F, Perkins MD, Kuhn JH, Pallen MJ, Alm EJ,  
Archer BN, et al. SARS-CoV-2 variants of interest and  
concern naming scheme conducive for global discourse.  
Nat Microbiol. 2021;6:821–3. https://doi.org/10.1038/
s41564-021-00932-w

  3. van Doremalen N, Bushmaker T, Morris DH, Holbrook MG, 
Gamble A, Williamson BN, et al. Aerosol and surface stability 
of SARS-CoV-2 as compared with SARS-CoV-1. N Engl J Med. 
2020;382:1564–7. https://doi.org/10.1056/NEJMc2004973

  4. Smither SJ, Eastaugh LS, Findlay JS, Lever MS.  
Experimental aerosol survival of SARS-CoV-2 in artificial  
saliva and tissue culture media at medium and high  
humidity. Emerg Microbes Infect. 2020;9:1415–7.  
https://doi.org/10.1080/22221751.2020.1777906

  5. Fears AC, Klimstra WB, Duprex P, Hartman A, Weaver SC, 
Plante KS, et al. Persistence of severe acute respiratory 
syndrome coronavirus 2 in aerosol suspensions. Emerg 
Infect Dis. 2020;26:2168–71. https://doi.org/10.3201/
eid2609.201806

  6. Schuit M, Ratnesar-Shumate S, Yolitz J, Williams G,  
Weaver W, Green B, et al. Airborne SARS-CoV-2 is rapidly 
inactivated by simulated sunlight. J Infect Dis. 2020;222:564–
71. https://doi.org/10.1093/infdis/jiaa334

  7. Chin AWH, Lai AMY, Peiris M, Man Poon LL. Increased  
stability of SARS-CoV-2 Omicron variant over ancestral 
strain. Emerg Infect Dis. 2022;28:1515–7. https://doi.org/ 
10.3201/eid2807.220428

  8. Morris DH, Yinda KC, Gamble A, Rossine FW, Huang Q, 
Bushmaker T, et al. Mechanistic theory predicts the effects 
of temperature and humidity on inactivation of SARS-CoV-2 

and other enveloped viruses. eLife. 2021;10:10.  
https://doi.org/10.7554/eLife.65902

  9. Port JR, Yinda CK, Avanzato VA, Schulz JE, Holbrook MG, 
van Doremalen N, et al. Increased small particle aerosol 
transmission of B.1.1.7 compared with SARS-CoV-2 lineage 
A in vivo. Nat Microbiol. 2022;7:213–23. https://doi.org/ 
10.1038/s41564-021-01047-y

10. Ulrich L, Halwe NJ, Taddeo A, Ebert N, Schön J,  
Devisme C, et al. Enhanced fitness of SARS-CoV-2 variant 
of concern Alpha but not Beta. Nature. 2022;602:307–13. 
https://doi.org/10.1038/s41586-021-04342-0

11. Jones TC, Biele G, Mühlemann B, Veith T, Schneider J, 
Beheim-Schwarzbach J, et al. Estimating infectiousness 
throughout SARS-CoV-2 infection course. Science. 
2021;373:eabi5273. https://doi.org/10.1126/science.abi5273

12. Oswin HP, Haddrell AE, Otero-Fernandez M, Mann JFS, 
Cogan TA, Hilditch TG, et al. The dynamics of SARS-CoV-2 
infectivity with changes in aerosol microenvironment.  
Proc Natl Acad Sci U S A. 2022;119:e2200109119.  
https://doi.org/10.1073/pnas.2200109119

13. Liu Y, Liu J, Plante KS, Plante JA, Xie X, Zhang X, et al.  
The N501Y spike substitution enhances SARS-CoV-2  
infection and transmission. Nature. 2022;602:294–9.  
https://doi.org/10.1038/s41586-021-04245-0

14. van der Straten K, Guerra D, van Gils MJ, Bontjer I,  
Caniels TG, van Willigen HDG, et al. Antigenic cartography 
using sera from sequence-confirmed SARS-CoV-2 variants of 
concern infections reveals antigenic divergence of Omicron. 
Immunity. 2022;55:1725–1731.e4. https://doi.org/10.1016/ 
j.immuni.2022.07.018

Address for correspondence: Vincent Munster, Rocky Mountain 
Laboratories, NIAID/NIH, 903S 4th St. Hamilton, MT 59840, USA, 
email: vincent.munster@nih.gov

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 5, May 2023 1037


