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Abstract A set of simultaneously collected quanti-

tative measurements of 12 meteorological and 6

culturable atmospheric bacterial (CAB) variables was

made over a grass seed field during several early, mid,

and late summer days. The observation site was

located between the Cascade and Coastal Mountain

Ranges near Corvallis in the Willamette Valley,

Oregon. Principal component analysis identified those

meteorological variables that had the highest loadings

in six eigenvectors that account for 95.9% of variation

in the data factors, i.e., temperature @ 6.3 m above

ground level (AGL), wind velocity @ 10.0 m AGL,

wind velocity difference @ 1.7–10.0 m, barometric

pressure, wind direction standard deviation, and wind

direction. When these variables were used in a cluster

analysis, they formed three statistically distinct mete-

orological variable clusters with means at ca. ‘‘mid-

night’’, ca. ‘‘midday’’, and ca. ‘‘evening.’’ The highest

mean density of CAB (i.e., 153.4 ± 162.5 CFU/m3)

was associated with the ‘‘midday’’ meteorological

Cluster-1 that had warm, dry ‘‘gentle breezes’’ from

the southeast, in the relatively bacteria loaded Wil-

lamette Valley air. The lowest mean density of CAB

(i.e., 35.5 ± 24.1 CFU/m3) was associated with

meteorological Cluster-3 in the late afternoon and

‘‘evening’’ occurring during the hottest and driest part

of the day with ‘‘fresh breezes’’ coming from the north

northwest in air off the Pacific Ocean. Finally, the last

cluster, Cluster-2 occurred about midnight and had an

intermediate density of CAB (74.2 ± 76.2 CFU/m3)

in ‘‘light air’’ coming from the northwest, perhaps off

the Pacific Ocean. The CAB associated with each of

the three meteorological clusters was only partially

statistically distinct. Partially because the CAB in

both the Pacific Ocean derived air masses of the

‘‘evening’’ Cluster-3 and ‘‘midnight’’ Cluster-2 were

not statically separable, though both were statistically

separable from the midday, Willamette Valley

derived Cluster-1. Further indicating their common

source, both Pacific Ocean derived air masses had

very similar percentages of pigmented bacteria, which

were dissimilar to the pigmented bacterial population
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density in the Willamette Valley air masses. In short,

it is speculated that ‘‘midnight’’ atmosphere may

simply contain the settling concentrated residual

bacterial particles in the abated fresh Pacific Ocean

breezes after sundown. It is clearly shown that with

the methods employed, it is possible to associate the

uniqueness of the quantity, and to a lesser extent the

quality, of the CAB population with the atmospheric

conditions reported herein. From this project comes

speculation that the strategies relating the quasi-

conservative bacterial populations associated with

distinct but nonconservative air mass properties can

help to better understand more of the bacterial

dynamics found in such situations. And to a further

extent, molecular biological methods could be applied

to identify bacterial taxa in specific air masses.

Keywords Airborne � Bacteria � Atmospheric �
Concentration � Principal component analysis �
Cluster analysis

1 Introduction

It is important to understand the population dynamics

of bacteria dispersed by the atmosphere because of

their contributions to various ecosystem circum-

stances. Specifically, with regard to the dynamics of

the culturable atmospheric bacteria [CAB = cultur-

able (unpigmented ? pigmented) bacteria] in the

atmospheric surface layer, we have begun to under-

stand the quantitative standing stock, and from the

dynamics of a few locations, in the overlying atmo-

sphere (e.g., Miquel 1883; Miquel and Bnoist 1890;

Kelly and Pady 1954; Vladavets and Mats 1958;

Bovallius et al. 1978; Shaffer and Lighthart 1997).

From these reports, annual cycles of bacteria were

shown to be maximal in the summer and minimal in

the winter. On a larger scale, from aircraft measure-

ments, Fulton and Mitchell (1965) observed CAB

varied with air mass, altitude (Fulton 1965a), and

Earth’s meteorological characteristics (Fulton 1965b).

More recently, it has been shown that quantities of

CAB can vary considerably between environments,

e.g., between four relatively closely located environ-

ments in or near the Willamette Valley, Oregon. The

greatest numbers were observed at an urban site

[609 CFU (i.e., Colony Forming Units)/m3] followed

by forest (522 CFU/m3), then a rural site (242 CFU/

m3), and least at the Pacific Ocean shore (103 CFU/

m3) (Shaffer and Lighthart 1997). Further, within an

environment we have learned that there can be great

variation in the CAB densities, e.g., as much as

1,400% change in concentration in a 2 min time span

has been observed (Lighthart and Shaffer 1995;

Lighthart 2000) and that the total atmospheric bacte-

rial quantity might be at least 100 times that of the

CAB in Willamette Valley, Oregon (Tong and

Lighthart 1999, 2000). This relationship was also

shown using molecular methods (Brodie et al. 2007;

Beardsley 2006, and Rinsoz et al. 2008). Rinsoz et al.

(2008) found 270–290-fold greater airborne bacterial

load in poultry houses and sewage treatment plants

using real-time quantitative PCR and epifluorescence

methods compared to cultural methods, while Brodie

et al. (2007) were able to identify approximately 1,800

bacterial types in urban aerosols using DNA micro-

arrays. However, these molecular-based methods did

not take local meteorological conditions into consid-

eration. The relationship of the CAB to ambient

meteorological conditions was a subject for specula-

tion in Lighthart and Shaffer (1995) and is the subject

of this communication based on the following logic.

As has been found in Pacific Coast ventilation

studies (Neff and King 1987; Olson and Tuft 1970),

cool mountain air flows down-slope during the night,

while morning solar heating results in the formation

of warm thermal updrafts. In the Cascade Mountains,

large volumes of air are thus transported vertically as

solar heating proceeds causing upward thermal

transport of air with resultant need for replacement

air being drawn, in this case, into and through the

Willamette Valley through gaps in the Coast Range

mountains in onshore breezes from the Pacific Ocean

(Fig. 1). These winds then dissipate to light breezes at

night. Finally, the cool, heavy air flowing down the

mountain into the valley between the two mountain

ranges at night fills the valley through the gaps in the

mountains.

It now seems reasonable to expect that whether an

understanding of the local micrometeorological pro-

cesses is known, as indicated above, and whether

measurements of the local ambient meteorological

conditions and their contained atmospheric bacteria

were measured, it would perhaps allow a better

understanding and prediction, crude though it might

be, of the quantity (and quality) of the atmospheric
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bacteria. This is particularly true with recent

advances in meteorological forecasting, modeling,

and satellite-derived information (Andersen et al.

2009; Mandrioli and Ariatti 2001).

1.1 Purpose

The purpose of this study is to describe an experiment

that expands upon our 1993 observations (Lighthart and

Shaffer 1995) and confirms the speculations concerning

the bacterial dynamics in the 1993 experiment. Specif-

ically, we want to know whether the quantity of the

bacteria associated with identifiable air masses passing

an observation station is statistically unique.

The strategy is to determine whether the CAB

associated with a set of meteorological conditions at an

observation site is relatively simple. First, a set of varied

meteorological and bacteriological parameters coinci-

dentally observed in a time sequence must be measured.

Secondly, determine which meteorological parameters

are the overall major variance definers in the meteoro-

logical data, e.g., using principal component analysis

(PCA) would be suitable. Third, using PCA-defined

meteorological parameters and grouping the PCA

meteorological data with similar overall properties into

unique clusters, e.g., using cluster analysis. Finally,

determine whether the quantity and in some way the

quality of the atmospheric bacteria measured concur-

rently with the meteorologically defined clusters are

relatively unique in a particular cluster, e.g., evaluate

CAB means associated with clusters by Tukey–Kramer

HSD (T–K) comparisons (Fig. 2).

2 Methods

Culturable atmospheric bacteria were collected with

instruments located on a 10 m meteorological tower

located at a site in the middle of a 400 ha grass seed

growing field, located approximately 5 km southwest

of the city of Corvallis in the mid-Willamette River

Valley, Oregon (N 44� 31.9580 W123�17.570; Fig. 1).

A house was located approximately 30 m to the north

northwest; otherwise, there were no other wind

impedances for at least 500 m around the tower

observation site. The tower held meteorological instru-

ments and two platforms to support bacteriological

samplers above ground level (AGL) (see Lighthart and

Shaffer (1994) for the tower’s detailed description).

Collections were made during each of the following

periods: the early (22–25 July), mid (6–9 and 19–22

August), and late (2–5 September) summer of 1996. In

Fig. 1 Diagrammatic map of observation site (N 44� 31.9580

W123�17.570) near Corvallis in the Willamette Valley, Oregon

Fig. 2 Bacteriological and meteorological data analysis

scheme
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each of the periods, samples were collected continu-

ously during three 10 h segments: 10:00–20:00, 18:00–

04:00, and 02:00–12:00, except on the last day (5 Sept)

when samples were collected continuously from 05:00

to 22:00. Only those days in each period that were

completely clear were used in the analysis.

2.1 Bacteriological

Two pairs of slit-impact bacteriological samplers

(Model STA; New Brunswick Scientific Co., Inc.,

Edison, NJ) were placed on each platform. They were

located at 0.3 and 6.3 m AGL and were suspended at

their four corners by stainless steel cables from the top

of the meteorological tower. Each slit-impact sampler

was calibrated to run at an inflow rate of 28.3 l/min.

All bacterial samples collected were impacted onto

150 mm diameter Luria Bertani (Difco Laboratories,

Detroit, MI) agar loaded plates and then incubated in

the dark for 7 days at 25�C. Colony outgrowth was

counted and recorded in each of the 2 min collection

interval sections appearing on the agar surface i.e.,

30�, 18�, and 12� sections for the 20, 40, or 50 min

collection times, respectively, depending on the

expected bacterial load with a 10 min off-period to

allow the samplers to be removed, reloaded, and

returned to the tower. Ten-second ‘‘control’’ samples

were taken before and after each sample day to

evaluate the potential for contamination of the sterile

agar impaction plate during its placement in the

sampler and sampler startup procedures. Pigmented

CAB and unpigmented CAB are defined as colored

and noncolored or white, respectively, while the sum

of both together is termed simply total CAB.

2.2 Meteorological

The 10 m meteorological tower (Campbell Scientific,

Inc., Logan, Utah) used in the investigation is shown

as Fig. 1 in Lighthart and Shaffer (1994). Meteoro-

logical instruments placed on the tower consisted of

temperature sensors located on the tower at 0.3 m

AGL [all tower heights include displacement dis-

tance ? aerodynamic roughness length (Stull 1988)],

2.3 m AGL, and 6.3 m AGL levels. In addition, there

was a hygrometer at the 2.3 m AGL level, a

pyranometer approximately 1.8 m AGL, and a cup

anemometer at 1.7 and 10 m AGL, and wind direction

vane at 10 m AGL. A sonic anemometer was located

at 3.5 m AGL to measure vertical air velocity

(Campbell Scientific, Co., Logan, UT). All sensors

were located so they had at least a 120� upwind

acceptance angle to the prevailing wind. Meteorolog-

ical data were sampled once every 5 s (except for the

sonic anemometer that was collected at a frequency of

10 samples every second). All data were then averaged

for every 10 min throughout the entire experiment.

2.3 Analytical

The analysis consisted of a 3-step procedure to find

the relationship between 12 atmospheric meteorolog-

ical factors (Table 1) and their associated pigmented

and unpigmented bacteria, or both (termed CAB) in

the measurements (Tables 3, 4). The first step was

data preparation that consisted of outlier removal of

CAB counts identified as beyond the Jackknife

threshold. The next step was to select those meteo-

rological factors that account for C90% of the

variance in the data using PCA (Table 1). The

eigenvectors generated by the PCA were rotated

using the Varimax procedure. Those factor variables

with the highest loadings of the initial eigenvectors,

which accounted for ca. 95.9% of the variance in the

data, were used in the cluster analysis. The Ward-

clustering algorithm was used in the cluster analysis.

The number of clusters to be generated was contingent

upon the fewest number of clusters that would have

the greatest number of statistically significant differ-

ences between each of the environmental factors in

the clusters (i.e., Tukey–Kramer (HSD) test at

P B 0.05). Finally, the CAB population densities

associated with the environmental measurements

contributing to each cluster were calculated, and their

between clusters Tukey–Kramer (T–K) comparisons

were also calculated (Table 3).

Numerical analyses were performed using SAS

Institute Inc. Cary, NC, JMP Version v7.0.1 and

Wolfram Research, Inc., Champaign, IL, Mathematica

v5.1 softwares with guidance from the book Applied

Multivariate Data Analysis by Everitt and Dunn (2001).

3 Results

Initially, of the 4,181 environmental observations, 188

surpassed the Jackknife outlier test for acceptance and

were removed (i.e., 4.5%) from further consideration
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in the PCA. Next the PCA was performed with 12

meteorological parameters resulting in the first 6

Varimax rotated eigenvectors, accounting for 95.9%

of the variance in the data (Table 1). This indicated

that the highest loaded variables [i.e., air temperature

at 6.3 m AGL, wind velocity at 10.0 m AGL, wind

velocity difference @ 1.7–10.0 m, barometric pres-

sure, wind direction standard deviation, and wind

direction (Table 1)] in these eigenvectors would have

the best chance of forming statistically unique clus-

ters. Cluster analysis did form three statistically

distinct clusters with the foregoing six variables

(Figs. 3, 4). Except for relative humidity and wind

velocity difference, the 12 variables in all 3 clusters

were statistically significantly different (P B 0.05) as

indicated by the T–K (HDS) test (Table 2).

In synopsis, 6 out of 12 meteorological variables

were identified that formed 3 statistically unique sets

of meteorological variables in a cluster analysis.

Except for 2 variables, each of the 12 variables in

each of the 3 clusters was statistically different.

With respect to the CAB populations associated

with the three meteorological clusters, CAB in the 6.3

and 0.3 m tower elevations were statistically associ-

ated (i.e., T–K HSD) with either two of the meteo-

rological clusters Clusters-1 (Midday) or Cluster-3

(Evening) and Cluster-2 (Midnight) (Table 3).

See the following for more descriptions of each of

the 3 clusters:

Cluster-1 (Red) Cluster-1 is termed the ‘‘Midday’’

cluster because the meteorological conditions that

delineated it occur about midday, with a mean time of

11.92 h (PST)1 and in the range of ca. 08.00 h–ca.

16.00 h (PST). Characteristically, the cluster con-

tained the maximum solar radiation values, and

intermediate temperatures and relative humidity.

The wind velocity of ‘‘gentle breezes’’ (Petterssen

1969) came from the southeast out of the Willamette

Valley (Table 2), and maximum but equal, upward,

and downward mean vertical wind velocities result-

ing in a maximum net air flux (Table 4).

In terms of the CAB, Cluster-1 was characterized by

containing the maximum CAB concentration of the 3

clusters with a mean density of 153.4 ± 162.3 CFU/

m3 (at 6.3 m AGL, Table 3). This density is approx-

imately 2 times that of the Cluster-2 (‘‘Midnight’’

cluster) mean and approximately 4 times that of the

Cluster-3 (‘‘Evening’’ cluster) mean. Cluster-1 also

had the highest percentage of pigmented bacteria at

54.8% of the CAB (at 0.3 m AGL, Table 3).

Finally, this cluster had the maximum mean upward

flux of CAB into the atmosphere at 154.7 CFU/m2/s

(at 0.3 m AGL, Table 4). It is presumed that natural

plant, agricultural operations and human activity that

generated CAB-associated particulate matter probably

were the source of the particles appearing in the

upwind fetch in the Willamette Valley.

Cluster-2 (Green) The environmental conditions

that delineate Cluster-2 occurred at night (conse-

quently termed the ‘‘Midnight’’ cluster) taking place

around midnight to the early morning hours with a

mean time of 01.62 h and range from 22.06 to 5.20 h

(PDT). One would expect the nighttime conditions of

this cluster to have the minimum solar radiation, air

temperatures, and maximum relative humidity, which

it does. Further, the mean wind velocity was at ‘‘slight

breezes’’ out of the northwest (Table 3). And finally,

the vertical wind velocity had almost twice the

downward velocity as the upward velocity (Table 4).

The mean CAB density of Cluster-2 was approxi-

mately half that of the Cluster-1 and twice that of the

Cluster-3 (at 6.3 & 0.3 m AGL, Table 3). The pig-

mented fraction was ca. 37% of the CAB (at 6.3 m

AGL, Table 3), which is similar to the content of

Cluster-3.

Cluster-3 (Blue) the environmental observation

made for this cluster occurred in the late afternoon and

‘‘evening’’ period with a mean time of 17.60 h (PDT)

that ranged from ca. 15.80 to 19.40 h. During these

observations, environmental conditions were the

warmest, the driest and, most characteristically, the

windiest with ‘‘fresh breezes’’ out of the north

northwest (Table 2).

The CAB in this cluster had the least mean

concentration of any cluster at 35.5 CFU/m3 (at 6.3 m

AGL, Table 3) with the pigmented proportion almost

the same as was observed in Cluster-2. Finally, the

downward net CAB flux was the greatest of any of the 3

clusters at -33.9 CFU/m2/s (at 0.3 m AGL, Table 4).

4 Conclusions

It is apparent that the CAB on clear summer days in

the Willamette Valley can be associated with the1 24 h clock with hh.hh format.
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meteorological conditions prevailing at the time of

their collection.

To begin the understanding of the CAB associa-

tion with the meteorology in the Willamette Valley,

Oregon, the following reasoning is given. As sun

rises, solar heating of the soil in the Cascade Range

causes the overlying air to warm and rise, resulting in

the formation of large updrafts of warm light air and

turbulent ‘‘light breezes’’. As a consequence, soil and

vegetation surface CAB are dislodged to rise in

updrafts into the atmosphere as indicated by their

maximum population in the ‘‘midday’’ Cluster-1. By

late afternoon and evening, replacement air with its

relatively sparse load of CAB populations in the

Pacific Ocean air is drawn into the Willamette Valley

through gaps in the Coast Range mountains as occurs

in the ‘‘evening’’ Cluster-3. The onshore breezes

abate during the night leaving residual ocean air with

intermediate CAB population densities to settle out in

the cool heavy night air covering the Valley floor as

in the ‘‘midnight’’ Cluster-2. Further, the residual

bacterial populations in the ‘‘midnight’’ atmosphere

have the same proportion of pigmented bacteria as in

the Pacific Ocean air (‘‘evening’’) and not the

Willamette Valley air (‘‘midday’’).

It is clear as shown by the uniqueness of the

quantity and, to a lesser extent, the quality of the

CAB populations that the methods to associate these

populations with particular atmospheric conditions

suggested herein are promising. It is now speculated

that the forgoing analysis methods can be incorpo-

rated with information generated by satellite images

of ground truth data to evaluate bacteria releasing

Fig. 3 Dendrogram of the clusters formed showing a color

map (top 6 rows) of the 6 variables (i.e., temperature at 6.3 m

AGL, wind velocity at 10.0 m AGL, wind velocity difference,

barometric pressure, wind direction, and wind direction

standard difference) identified by the principal component

analysis accounting for 95.9% of the variation in the data

Fig. 4 Biplot showing the 3 meteorological colored data

clusters formed using the variables identified by the principal

component analysis. These 6 parameters accounted for 95.9%

of the variation in the data
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sources such as vegetation surfaces with known

phenologies (e.g., molecular biological identification)

or soil surfaces of known characteristics, and mete-

orological models consisting of wind velocities,

directions, gustiness, and durations. It is thought that

this will allow a reasonable ability to predict the

natural bacterial population concentration (and per-

haps the quality) in the Earth’s atmospheric surface

layer.

Finally, it is clear that given a sufficient set of

meteorological parameters and bacterial survival

kinetics, an understanding of the dynamics of the

local natural viable (and nonviable) bacterial popu-

lations in the Earth’s alfresco atmospheric surface

layer can be much better understood.
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