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HYPOTHESIS

Impact of Atmospheric Dispersion and Transport of Viral Aerosols

on the Epidemiology of Influenza
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Current theories of influenza viral epidemiology have not explained the persistence, sea-
sonality, and explosive outbreaks of virus over large geographic areas. It is postulated
in this paper that atmospheric dispersion and intercontinental scale transport of airborne
aerosolized influenza virus may contribute to the spread, persistence, and ubiquity of
the disease, the explosiveness of epidemics, and the prompt region-wide occurrence of
outbreaks and that seasonal changes in circulation patterns and the dispersive character
of the atmosphere may help to explain the regular annual cycle of influenza activity.

The current epidemiologic concept of influenza vi-
ral infections parallels the measles model, in which
it is believed that infections are spread by direct serial
transmission from person to person, principally by
the microscale dispersion of viral aerosols [1, 2].
While we recognize that direct serial person-to-
person spread is likely the usual mode of transmis-
sion of influenza virus, this theory does not ade-
quately explain either the persistence of the virus as
a human pathogen or the seasonality of outbreaks
[3]. It also fails to account for other influenza char-
acteristics, such as ubiquity, explosive outbreaks, the
prompt region-wide occurrence of epidemics, and the
relatively constant pattern of influenza epidemics
over several centuries [4].

Hypotheses

We hypothesize that long-range atmospheric trans-
port of aerosolized influenza virus may contribute
to the spread and persistence of influenza virus and
that seasonal changes in atmospheric circulation pat-
terns and dispersive characteristics may lead to the
regular annual cycles of influenza activity. The fol-
lowing evidence is presented in order to demonstrate
the feasibility of these hypotheses.
Intercontinental transport of aerosols. Aerosols
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are dispersed vertically through the depth of the
planetary boundary layer (typically 100-1,500 m) by
mechanically and thermally induced turbulent mix-
ing and are dispersed horizontally over tens to
hundreds of kilometers by the low-level winds [5].
Aerosols caught up in deep convection or in air flow-
ing up through low pressure centers with frontal
waves are conveyed to the upper levels of the at-
mosphere. They may then be transported hundreds
to thousands of kilometers before being returned to
the surface [5]. The coarse particles become conden-
sation nuclei for rain droplets (rain-out) and are col-
lected by falling rain droplets (wash-out). They are
also removed by sedimentation and by impaction
(dry deposition). However, accumulation-mode par-
ticles (0.1-3.0 u in diameter), which include the vast
majority of the 10°-10¢ particles that may be pro-
duced by each cough or sneeze [6], are too small to
be effectively removed by wet and dry deposition.
Aerosol particles of this size remain airborne for a
few days to a few weeks [7] before returning to earth
with air subsiding in a high-pressure center, with air
sharply sinking near a cold front or with other forms
of downdraft.

Considerable evidence for the long-range trans-
port of aerosols by the atmosphere has been col-
lected, mainly from satellite images and from
meteorologic back-trajectory analysis along with
chemical “fingerprinting.” Such evidence includes
the facts that (/) aerosol dust, originating in China,
has been transported >10,000 km across the north
Pacific [8]; (2) forest fire smoke from northwestern
Canada has been tracked >9,000 km to Europe [9];
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(3) radioactive fallout from the Chernobyl incident
has been detected around the world [10, 11]; and (4)
Eurasia has been identified as the primary source
region for anthropogenic aerosol pollution in the po-
lar regions of North America [12].

Atmospheric pathway and dispersive character-
istics. Between Asia and North America, a poten-
tially favorable atmospheric pathway exists that may
be relevant to the spread of influenza. In winter, the
southeast coast of Asiais an active frontal zone with
frequent cyclogenesis, ie., development of low-
pressure centers [13]. Surface aerosols, and poten-
tially aerosolized influenza virus, may be conveyed
to the upper levels of the atmosphere by these sys-
tems. There they usually encounter a fast westerly
flow that transports them towards North America.
In summer the frontal zone moves northward and
weakens, cyclogenesis drops off, and the upper flow
becomes easterly over Southeast Asia [13]. This ef-
fectively cuts off the atmospheric pathway to North
America.

Thus, it is postulated that the Far East may be a
source of wintertime influenza viral aerosols that
reach North America a week or two after they are
emitted into the atmosphere. Seasonal changes in at-
mospheric circulation patterns may help to explain
the absence of influenza on the North American con-
tinent in summer.

When the westerly upper-level winds, potentially
transporting viral aerosols, overtake a southward-
advancing wedge of Arctic air (i.e., a cold front), the
air is forced to sink [14]. This often occurs over North
America in the winter, when the cold polar dome
of Arctic air spills southward over the continent [12].
Usually, there is a narrow band of sharply sinking
air in the cold frontal zone, followed by weaker but
broader-scale subsidence in a trailing high-pressure
center [15]. By this mechanism, accumulation-mode-
sized aerosols that have been transported eastward
by the upper westerlies may be brought down to the
surface. As the cold front sweeps southward, the
aerosols may be spread across a broad geographic
area. Potentially, influenza viral aerosols could be
inhaled, causing primary infections in a number of
separate locations. Given this sequence of events, the
region-wide occurrence of influenza epidemics and
their explosive nature would no longer be a puzzle.

Regardless of how influenza virus is introduced
into the community, whether by seeding from the
atmosphere or by travelers, subsequent dispersion
of viral aerosols would be confined to the planetary
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boundary layer, and the virus might persist in an area
with stagnant nondispersive meterologic conditions.
Stagnant weather is prevalent under Arctic high-
pressure centers, which typically follow cold fronts
in winter, and the dispersive capability of the lower
atmosphere (characterized by its daily maximum ven-
tilation coefficient) is generally much lower over tem-
perate North America in winter than in summer [16],
a fact that might contribute further to the seasonal-
ity of influenza epidemics (perhaps already largely
determined by seasonal atmospheric circulation pat-
terns).

Only one possible atmospheric pathway for the
long-range transport of aerosolized influenza virus
has been discussed. However, pollution studies have
identified other source-to-sink pathways within the
global circulation of the atmosphere [8]. Ultimately,
all of these pathways are interconnected. Thus, the
entire population of the world may become exposed
to airborne influenza virus. This may help to explain
the ubiquity and persistence of this disease.

Long-range airborne spread of viral infection.
Epidemiologic investigations have confirmed that the
virus that causes foot-and-mouth disease has been
transported by the atmosphere across the Baltic Sea
[17] and across the English Channel [18]. These re-
gional results, along with demonstrated microscale
dispersion of certain viruses, suggest that, like air
pollution, the airborne spread of pathogens may be
a problem that extends from the local to the inter-
continental scale.

Infectivity of low-concentration viral aerosols.
Although greatly influenced by the amount of secre-
tion in the nasal passages, a single cough or sneeze
can produce 10*-10% accumulation-mode-sized par-
ticles that can remain airborne for extended periods

[6]. It follows that an infected populace in a region

of the Far East could constitute a significant source
of viral aerosols. Long-range transport accompanied
by atmospheric dispersion would inevitably lead to
much lower downstream concentrations. Neverthe-
less, some relatively undiluted air parcels might make
it across the Pacific Ocean, and the virulence of aero-
solized influenza virus at low concentrations might
still be sufficient to cause infections.

Influenza studies in mice have shown a greater in-
fectivity of airborne versus intranasal inoculation of
virus [19]. Knight [20] demonstrated in volunteers
that influenza virus is five to 10 times more infec-
tious when introduced by the aerosol route than by
the intranasal route and that adenovirus type 4 is
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70 times more infectious by the aerosol route [6].
Aerosolized influenza A virus produces illness in hu-
mans at dosages indistinguishable from one infect-
ing particle [6].

Measurements of aerosol concentrations and size
distributions made in a pristine area of Alaska [21]
indicate that, on average, winter air masses with
trajectories off the Pacific Ocean have 100 accumu-
lation-mode-sized particles per cubic centimeter.
Some of the aerosols entering North America may
contain viable influenza virus.

Long-term survival of aerosolized influenza vi-
rus. In one study, the mouse LDs, was similar at
20 h of aging of aerosolized influenza virus at room
temperature to that at earlier times, but the effect
of varying the temperature was not considered [22].
It has been shown that influenza virus is maximally
stable at low relative humidity [23]. The study of a
different enveloped respiratory virus has shown a
pronounced stabilizing effect of low temperatures
on the survival of aerosolized human coronavirus
229E, even with a high relative humidity [24]. The
authors found that at 85% relative humidity, decreas-
ing the temperature from 20°C to 6°C extended the
infectious half-life of coronavirus from ~3 to 86 h.
At the optimal humidity — ~50% — nearly 20% of
the virus was still detectable after 6 d in aerosols
stored at 20°C. The viral haif-life was ~70 h. Lower-
ing the temperature to 6°C stretched the half-life to
>100 h. The influence of relative humidity may be
a confounding factor in assessing the stability of the
infectious dose, but it appears that aerosolized
coronavirus 229E —and, by implication, influenza
virus —can be stable for long periods at low temper-
atures.

Atmospheric conditions and the survival of in-
Sluenza virus. The observation that lowering the
temperature extends the infectious half-life of coro-
navirus 229E suggests that some enveloped viruses
might be able to survive long-range transport in the
atmosphere where temperatures drop off dramati-
cally with height. Representative values around 40°
north latitude are —5°C at 3,300 m, —25°C at 6,500
m, and —44°C at 9,800 m [25]. These cold at-
mospheric temperatures may extend the infectious
half-life of aerosolized influenza virus, enabling
long-range transport of infectious virus.

The effects on the survival of aerosolized influenza
virus of atmospheric humidity and its postulated role
in the epidemiology of influenza infections have been
noted previously [26]. In winter, temperate North
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America’s climate and artificial heating lead to low
relative humidities indoors. This favors the survival
of aerosolized influenza virus [22, 23] that may have
been transported to this region and may aid in the
local spread of infection.

Noteworthy, but of unknown relevance to virus
survival in the atmosphere, is the observation that
accumulation-mode particles, which may contain in-
fluenza virus, interact efficiently with sunlight [27].
However, the impact of selective scattering, reflec-
tion, and absorption of the various wavelengths in
sunlight and ultraviolet light by aerosols varying in
diameter from ~0.1 p to 3.0 p is unknown.

Future Studies

In order to test these hypotheses, several activities
should be considered. Influenza surveillance and
epidemiology should be improved worldwide. Evalu-
ations of meteorologic factors and influenza
epidemiology in various parts of the world may re-
veal consistent atmospheric patterns preceding and
during the spread of influenza viral infection. This
may have important applications for future methods
of influenza viral surveillance and detection and,
potentially, of the control of influenza infections.

Influenza viral infectivity must be examined at var-
ious temperatures, as well as relative humidities, to
validate the potential for long-term atmospheric sur-
vival of influenza virus.

A more detailed study of the nucleotide sequence
of influenza viral genes may help to establish whether
a common source of influenza virus exists, as a form
of epidemiologic fingerprinting. Recent studies have
demonstrated that the H1 hemagglutinin gene of in-
fluenza A virus over two eras has shown two path-
ways of evolution [28], and multiple evolutionary
pathways have been demonstrated for the H3 hemag-
glutinin [29]. It would be of interest to compare
nucleotide sequences of multiple strains of isolates
collected within one year and from various geo-
graphic regions. Highly conserved strains might sug-
gest the possibility of seeding or transmission from
a single source (as has been demonstrated by the
chemical fingerprinting method in identification of
the source of various atmospheric pollutants).

An examination of historical records in areas of
geographic isolation before the era of modern travel
may provide support for the atmospheric origin of
clinically documented influenza.

Sampling the air for the presence of aerosolized
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influenza virus would be of importance in substan-
tiating our hypotheses, although current technology
may not be sensitive enough to study this in nature.

In summary, the above hypotheses and one model
for possible long-range atmospheric transmission of
influenza virus are intended to contribute ideas for
discussion and evaluation of an important com-
municable disease whose epidemiology is not fully
understood [3, 4].

References

1. Knight V. Viruses as agents of airborne contagion. Part V.
Ann NY Acad Sci 1980;353:147-56
2. Couch RB, Kasel JA, Glezen WP, Cate TR, Six HR, Taber
LH, Frank AL, Greenberg SB, Zahradnik JM, Keitel WA.
Influenza: its control in persons and populations. J Infect
Dis 1986;153:431-40
3. Thacker SB. The persistence of influenza A in human popu-
lations. Epidemiol Rev 1986;8:129-42
4. Hope-Simpson RE, Golubev DB. A new concept of the epi-
demic process of influenza A virus. Epidemiol Infect
1987;99:5-54
5. Jaenicke R. Natural aerosols. Annals of the New York
Academy of Sciences, 1980;338:317-29
6. Knight V, Gilbert BE, Wilson SZ. Airborne transmission of
virus infections. In: Fields B, Martin MA, Kamely D, eds.
Banbury report 22: genetically altered viruses and the en-
vironment. Cold Spring Harbor, NY: Cold Spring Har-
bor Laboratory, 1985;22:73-94
7. Wolff GT. Mesoscale and synoptic scale transport of aero-
sols. Annals of the New York Academy of Sciences,
1980;338:379-88
8. Chung YS. Air pollution detection by satellites: the trans-
port and deposition of air pollutants over oceans. At-
mospheric Environment 1986;20:617-30
9. Chung YS, Le HV. Detection of forest-fire smoke plumes by
satellite imagery. Atmospheric Environment 1984;18:
2143-51
10. Edwards M. Chernobyl —one year after. National Geographic
1987;171:632-53
1. Davidson CI, Harrington JR, Stephenson MJ, Monaghan
MC, Pudyiewicz J, Schell WR. Radioactive cesium from
the Chernobyl accident in the Greenland ice sheet, Science
1987;237:633-4
12. Barrie LA. Arctic air pollution: an overview of current knowl-
edge. Atmospheric Environment 1986;20:643-63

13.

14.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

497

Barry RG, Chorley RJ. Atmosphere, weather and climate.
London: Methuen, 1968:379

Willett HC, Sanders F. Descriptive meteorology. 2nd ed. New
York: Academic Press 1959:355

. Browning KA. Conceptual models of precipitation systems.

The Meteorological Magazine 1985;114:293-317, 1369

. Portelli RV. Mixing heights, wind speeds, and air pollution

potential for Canada. Winnipeg: Environment Canada,
1976:49

. Gloster J, Sellers RF, Donaldson Al. Long distance trans-

port of foot-and-mouth disease virus over the sea. Vet Rec
1982;110:47-52

Donaldson Al, Gloster J, Harvey LDJ, Deans DH. Use of
prediction models to forecast and analyse airborne spread
during the foot-and-mouth disease cutbreaks in Brittany,
Jersey and the Isle of Wight in 1981. Vet Rec 1982;110:53-57

Shechmeister IL. Studies on the experimental epidemiology
of respiratory infections. III. Certain aspects of the be-
haviour of type A influenza virus as an air-borne cloud.
J Infect Dis 1950;87:128-32

Knight V. Airborne transmission and pulmonary deposition
of respiratory viruses. In: Knight V, ed. Viral and mycoplas-
mal infections of the respiratory tract. Philadelphia: Lea
& Febiger, 1973:1-9

Shaw GE. Aerosol measurements in central Alaska, 1982-1984.
Atmospheric Environment 1985;19:2025-31

Hood AM. Infectivity of influenza virus aerosols. J Hyg
1963;61:331-5

Schaffer FL, Soergel ME, Straube DC. Survival of airborne
influenza virus: effects of propagating host, relative hu-
midity, and composition of spray fluids. Arch Virol
1976;51:263-73

[jaz MK, Brunner AH, Sattar SA, Nair RC, Johnson-
Lussenburg CM. Survival characteristics of airborne hu-
man coronavirus 229E. J Gen Virol 1985;66:2743-8

Yarwood TM, Castle F. Physical and mathematical tables.
2nd ed. London: MacMillan, 1967:72

Hemmes JH, Winkler KC, Kool SM. Virus survival as a sea-
sonal factor in influenza and poliomyelitis. Nature
1960;188:430-1

Shaw GE. Aerosols as climate regulators: a climate-biosphere
linkage? Atmospheric Environment 1987;21:985-6

Raymond FL, Caton AJ, Cox NJ, Kendal AP, Brownlee GG.
The antigenicity and evolution of influenza Hl haemag-
glutinin, from 1950-1957 and 1977-1983: two pathways
from one gene. Virology 1986;148:275-87

Both GW, Sleigh MJ, Cox NJ, Kendal AP. Antigenic drift
in influenza virus H3 hemagglutinin from 1968 to 1980:
multiple evolutionary pathways and sequential amino acid
changes at key antigenic sites. J Virol 1983;48:52-60

020z sunr 20 uo 3senb Aq GZ0.6€/¥6Y/E/ 1 L ABISAe-B]o1IE/PIo/W0D"dNo"olWSpeoE)/:SAY WO, PEPEO|UMOQ





