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Meteorologic variables in aerobiology
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It is unassailable that climate and weather have a huge impact on the presence

of pollen and mold spores in the atmosphere. Climate, as it defines vegetative

diversity, is dealt with in another article by the author in this issue. Although

prevalent weather helps define climate, individual weather conditions, such as

rain, humidity, wind speed and direction, temperature, or amount of sunshine,

may have direct and indirect effects on bioaerosols. How specific meteorologic

parameters affect aeroallergen burden is addressed in this article.

Numerous studies from around the globe have tabulated regional pollen counts,

and many reports have attempted to correlate those counts with a number of

meteorologic variables. With the uniform exception of temperature, humidity, and

precipitation, it is difficult to show any reproducible correlations. Interactions

between variables frequently are complicated. Solomon has stated that ‘‘pollen

emission, dispersion and transport displays a variety of distinctive and often

inconsistent effects when they are examined in relation to complex weather

patterns’’ [1]. As has been pointed out previously, weather is the prototypic

demonstration of chaos theory: Although present, it is difficult to discern order

within the disorder [2]. Weather is an inherently unpredictable chaotic system of

numerous variables that interact in an additive or synergistic fashion. It seems

likely that from year to year, different variables may have a more central role in

determining pollen counts. Older studies were hampered by the limited ability to

perform sophisticated statistical analysis: As recently as 10 years ago, large

mainframe computers were required to assess interactions between more than a

few parameters. Meteorologic parameters are collected continually and are

reported for a 24-hour period from midnight to midnight. Pollen and mold spores

traditionally are sampled for a 24-hour period, from early morning to the next

morning. Results must be lagged appropriately. Use of a 24-hour rotating drum
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device, such as the Burkard (Burkard Manufacturing Co., Ltd., Rickmansworth,

Hertfordshire, England, UK), can allow for accurate comparison of pollen or mold

counts with the weather conditions during any given hour, whereas gravimetric

samplers or a rotating impaction device, such as the Roto-Rod (Multidata Sampling

Technologies, St. Louis Park, MN), cannot. Weather conditions can have imme-

diate effects, such as the scrubbing effect (cleansing of the air of particulates with

rain) or delayed effects, such as the accumulated warmth necessary to induce the

onset of anthesis.

The following sections address general affects on pollen counts of individual

factors, such as temperature, humidity, precipitation, wind speed, wind direction,

and sunshine. Spore-release mechanisms and the primary effects of humidity and

precipitation also are discussed. Major factors are summarized in Table 1. Special

circumstances, such as the release of submicronic particles and the clinical impact

of thunderstorms and mechanisms, are addressed.
Definition of season

The strength of correlations is frequently dependent on the number of obser-

vation days included in the analysis for each pollen type, and this factor is

dependent on the definition of season or peak pollination period. The definition

of season, and which days to include in a statistical analysis, is not intuitive. Several

studies have not mentioned season criteria, and some only have investigated days

with the highest counts (eg, grass >50 grains/m3) [3,4]. Most pollens demonstrate

long tails of trace or very low levels at the onset and the end of the pollination

period. Inclusion of these tails in the observation days could dilute out any

correlations. Meteorologic parameters are expected to be operant, with lower

producing periods and peaks. Glassheim et al used four definitions of the season

[2]. The most restrictive definition was inclusive of the first and last days,
Table 1

Meteorologic factors affecting pollen and mold spore counts

Pollen Mold spore

Factor Immediate effect Delayed effect Immediate effect Delayed effect

Rainfall # [2,6,7] " [10–13] ± [7,37] " [36]

" [44,48]

Humidity # [2,8,9] — " [36] " [38]

High temperature " [14,15] " [11,20,23,25] " [39] —

± [2]

Low temperature # [17,34] " [21,22] — —

Moderate wind speed " [26] — " [36] —

High wind speed # [2,3] — — —

Inversion " [34] — — —

Outflow " [48] — — —

Barometric pressure ± [2] — " [39] —

#, decreased; ", increased; ±, variable effects.
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bracketing 99% of the sum total of the specific pollen produced that year [5]. The

most lenient definition was of 3 consecutive days with pollen counts of greater than

1 grains/m3. The number of observation days for cottonwood in 1991 for each of

the progressively more stringent criteria was 49, 44, 40 and 36. The investigators

tabulated correlations for the most lenient and most stringent definitions. Such

definitions are important because of the differences seen in the study between a

broader and a narrower set of criteria. Which definition is more correct than the

others is difficult to answer: Correlation trends were in opposite directions for trees

and weeds, emphasizing the impact that differences in pollen-release mechanics

between these two types of plants will have on such associations.
Factors affecting pollen counts in general

Humidity and precipitation

Rainfall is considered to cleanse the air with the capture of pollens or spores by

raindrops [6]. The efficiency with which this is achieved is dependent on several

factors, as described by McDonald [7]. Entrapment of pollen grains of typical size

(diameter, 20–60 mm) is less dependent on the size of the grain than on the

character of the rain droplets and the duration of the rainfall. Even a light shower

(0.1 cm of rainfall) is 99% efficient in removing pollen with drizzle-sized

raindrops (diameter, 0.2 mm) and is about 75% efficient with average-sized

droplets (diameter, 1.0 mm). In contrast, a flurry of large drops (diameter, 4.0 mm)

from a thunderstorm only removes a quarter to a third of the pollen grains. A more

sustained rainfall of 1.0 cm is 80% to 99% effective in removing pollens,

regardless of the raindrop diameter. Smaller mold spores, such as Penicillium

(diameter, 3.5 mm) are not removed by lighter rain of any size droplet (0%–10%

effective) or heavier rainfall if the droplets are large or drizzle-sized. Sustained

rainfall of medium-sized droplets removes about two thirds of Penicillium spores.

This scrubbing effect is most pronounced when rainfall is sudden and heavy,

such as during severe thunderstorms. This type of rainfall is common in the

midwestern United States during the spring, summer, and autumn. Glassheim et al

observed that severe storms seasons in the Front Range of the Colorado Rocky

Mountain occurs during May and June, with only widely scattered and isolated

brief thundershowers during July, August, and early September. The study

demonstrated significant negative correlations between spring and early summer

pollinating plants’ (trees and grasses) pollens and occurrence of precipitation and

showedweaker correlations with weeds. The scrubbing effect on pollen counts also

was demonstrated after a snowfall, affecting trees in early spring and weeds in early

autumn [2].

Negative correlations between relative humidity and pollen count have been

observed for most pollens in a number of reports [2,8]. Grass anthers close with

increased humidity, limiting pollen release during moist situations [9]. With

drying, anthers reopen. A similar observation has been made with other plants.
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Another possible mechanism for lower counts is hygroscopic pollen weight gain,

which occurs with more rapid settling [2].

Cumulative rainfall has opposite effects from the scouring action during actual

rainfall. Soil moisture is crucial for adequate plant and fungal growth. Subiza et al

examined total grass counts in Madrid from April through July and found a

strong correlation with total rainfall from the previous October to March [10].

Antépara et al found that the intensity of the grass pollen season was related to the

rainfall in the months preceding the onset of the season [11]. Fairley and

Batchelder reported that the oak pollen counts in the Bay area of California

strongly correlated with the total rainfall during the previous year [12]. Counts of

Artemisia in the summer and fall were correlated with precipitation that occurred

6 to 8 weeks before the start of the season [13].

Temperature

Temperature affects pollen counts in complex ways. There are immediate

effects: Drops in temperature correlate with drops in pollen counts. In some cases,

however, these temperature drops may be indicative of other events that are the

primary effectors, such as precipitation. Urticaceae counts obtained in southwest-

ern Spain during the nonrainy season showed the strongest correlation with

temperature [14]. Effects are not uniform across plant species and peak pollination

periods: Puc and Wolski found a positive correlation between average temperature

and birch pollen, but also found a negative correlation between temperature and

poplar pollen [15]. They attributed this difference to the impact of cumulative

temperature before the poplar season, as discussed later in this article. In a report by

Glassheim et al, none of the tree pollens studied during a 5-year period, with the

exception of pine (a late pollinating tree), seemed to be affected by temperature [2].

The lack of correlation was consistent with earlier observations of tree-pollen

discharge during snowfall [16].

It is a widely held belief that patients with seasonal allergic rhinitis can

expect their weed-induced symptoms to abate on the arrival of the first frost or

freeze in autumn [17]. Few studies other than that by Glassheim et al have

addressed whether this phenomenon is limited to the ragweed or also pertains

to other fall pollens [2]. Frost is defined by the National Weather Service as

‘‘the formation of thin ice crystals in the form of scales, needles, feathers, or

fans, which develop under conditions similar to dew (high relative humidity,

low wind velocity, clear skies) except for the minimum temperature required–

less than or equal to 32�F/0�C.’’ A freeze ‘‘describes conditions when the tem-

perature at or near the surface is 32�F/0�C or below’’ (usually this term is

used only during the growing season). Adjectives such as killing (28�F
[� 2�C]), hard (24�F [� 4�C]), or severe (20�F [� 7�C]) are used when ap-

propriate upper-bound temperatures are recorded [2]. That study showed a

definitive tendency toward a re-emergence of small amounts of ragweed and

chenopod-amaranth pollen in the air, even after the official date of first frost.

The relative cold hardiness of sage (Artemisia sp) was documented, in which
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somewhat higher counts were noted compared with the counts of other

fall weeds.

In addition to acute effects, cumulative temperature is important for the onset

of pollination and impacts the seasonal pollen load. These issues are addressed in

greater detail in an article by Levetin and Van de Water elsewhere in this issue.

Fitter and Fitter reported that the average onset of pollination of 385 British

plants has advanced by 4.5 days during the past 10 years compared with the

pollination onset of the previous 4 decades [18]. They attributed this finding to

global warming. Flowering was sensitive to the temperatures in the preceding

months of pollination onset, and plants flowering in spring were the most

affected. Sixteen percent of the species flowered more than 15 days sooner than

during the previous decade. Emberlin et al, however, found contrasting grass

anthesis onsets, beginning earlier in Wales and Derby, but later in London [19].

Antépara et al found that the onset and duration of the grass pollen season were

related to cumulative average temperatures [11]. Adding cumulative temperature

greater than 9�C, grass pollination began with a sum greater than 300�C and

terminated between 800�C to 900�C. In France, Laaidi found that grass-pollen

onset could be predicted using sum of temperatures or Q10, an agrometeorologic

coefficient that incorporates temperature [20].

Many trees require a chilling period to break dormancy and a warming period

to induce flowering [21]. In a study of European hazel (Corylus avellana),

Frenguelli et al found that the start of catkin elongation in late winter signaled

that the chilling requirement had been fulfilled, and this marker could be used as

the beginning point of the heat accumulation that is necessary for pollination

[22]. Total annual output of olive pollen has been predicted based on preseason

rainfall and the 5-day moving average of the temperature of the preceding months

[23]. These investigators reported that the onset of the olive season could be

predicted by the heat accumulation that is greater than the threshold of 209.9�C
[24]. Tree buds frequently mature during the fall of the preceding season. A study

from San Remo, Italy, demonstrated the higher the average temperature in the

previous July and the greater the presence of Palmaceae, Cupressaceae, and

Parietaria pollen during the following year [25].

Wind speed and direction

Wind speed affects the efficiency of impaction and suction samplers (see

article by Muilenberg elsewhere in this issue). Brisk winds resuspend settled

pollen particles, and Laaidi has reported that brisk winds are associated with

greater eye and asthma symptoms in patients with birch-pollen sensitivities [26].

Singh and Babu reported that wind speeds of 5 to 15 km/h were most conducive

for increasing pollen counts [27]. Raynor et al found little impact of wind speed

on local ragweed counts, but commented that speeds were not high during the

study periods [28]. Davies and Smith found that grass pollen counts were

correlated negatively with wind speeds, although Glassheim et al did not find

such a relationship [2,3]. Wind speed showed a moderate negative correlation for
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combined weed pollen counts only, implying that a wind scrubbing effect

occurred with higher wind velocities in the late summer.

Wind direction has little effect on pollen counts if the sampling station is

surrounded by fairly uniform vegetative conditions, as seen in Denver, Colorado,

or Cardiff, Wales, UK [2,4]. Davies and Smith found a positive correlation

between grass pollen counts and wind direction in London, which verified the

directions in which the greatest open ground was located [3]. Similarly, a study

from Spain showed that wind direction was important for pollen counts from

plants occupying specific niches, but widely distributed species, such as grass,

oak, and olive, were unaffected by wind direction [29]. McDonald and O’Driscoll

explained a mild allergy season in Galway, Ireland, UK in 1978, which resulted

from the occurrence of a persistent sea breeze between May and September that

lowered pollen and spore catches [30].

Other factors

Generally, other weather conditions have little impact on airborne counts, only

as those variables are associated with factors such as precipitation and temper-

ature. In a study of nine different pollens, Glassheim et al found no consistent

effects of wind speed or direction, sunshine, or barometric pressure [2]. Sunshine

had erratic effects on pollen counts, suggesting that this variable probably

reflected linkage with other factors, such as relative humidity. Hours of daylight

are important in triggering anthesis in late summer weeds such as ragweed,

however [31–33]. Carinanos et al reported that winter inversions, associated with

low temperatures, cloudless skies, and atmospheric calms, were associated with

higher levels of solid particles, including pollens of winter-pollinating plants,

such as Cupressaceae [34]. Seasonal conditions that are likely to increase pollen

or mold spore counts are depicted in Figure 1.
Factors affecting mold counts

Spore-release mechanisms

Numerous members of Deuteromycetes (Fungi Imperfecta) have simple spore

structures, with tenuous attachments between spores and hyphae. Spore disper-

sion is accomplished by scouring of air currents, and outdoor counts are highest

on hot, dry, windy days. Characteristic of such molds are Alternaria, Cladospo-

rium, Epicoccum, and many Penicillium species [35]. Other Deuteromycetes, of

the subclass Sphaeropsidales, have spores develop in mucinous slime-spore

masses that require humidity, dew, or raindrops for dispersal. Representative

molds are Phoma, Fusarium, and Cephalosporium. The classes Ascomycetes and

Basidiomycetes have release mechanisms that require increased moisture or

rainfall. Spores of these classes re more prevalent in damper areas or after

periods of greater rainfall or humidity. Outdoor molds may be considered to be



Fig. 1. Seasonal meteorologic factors that may increase pollen or mold spore counts. Inversions during

winter act to trap particulates in a smaller volume of air. Up-drafts associated with higher temperature

and decreased humidity may result in mold plumes before storms. Down-drafts and outflows

resuspend pollen and disrupt grains, increasing allergenic exposure. See text for further details. (Data

from Refs. [34,39,48])
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dry-weather or wet-weather types. Not all molds peak in humid conditions. In

1972, Long and Kramer compared mold profiles from a wooded ravine site and a

grassy hilltop and demonstrated marked differences in mold prevalence and a

response to dry and wet conditions [36]. Cladosporium and Alternaria were

prevalent on the grassy open area and were most prominent on dry, windy days.

Epicoccum, although not commented on in this article, shows a similar dry

pattern. The wooded, more humid site showed greater amounts of Ascospores

and Basidiospores, molds whose spore release is facilitated by moisture.

Although mold spores generally are found in the air unless the ground is frozen

or there is snow cover, molds such as Alternaria, Cladosporium, and the smuts

have distinct seasonality, being prevalent in the late summer and fall. Alternaria

peak about the same time as does ragweed, and smuts and rusts are abundant

during fall harvesting.

The impact of precipitation on the diversity of airborne spores on an orchard

was well demonstrated by Pady et al [37]. Rain removed Cladosporium spores,

Alternaria spores, and hyphal fragments from the air. Simultaneously, thousands

of other spores, primarily puffball basidiospores and fusoid ascospores, reached

levels of 6000 and 20,000 spores/ft3. Within a day of the end of the rainfall, nu-

merous species, including Alternaria, Cladosporium, Sporobolomyces, Cercos-

pora, and Helminthosporium, released spores in the air because of the favorable
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impact of moisture on spore formation. Adams et al reported persistently higher-

than-normal mold spore levels in Wales in October following a wetter and more

humid season from July through September [38]. The investigators attributed this

finding to greater persistent soil humidity following the increased rainfall.

Burch and Levetin, presenting data from Tulsa, Oklahoma, reported on

meteorologic parameters on 4 days containing spore plumes [39], which are

defined as dramatic increases in concentrations over a short period of time,

usually occurring around midday. Total spore counts may increase from lows of

about 20,000 p/m3 to greater than 170,000 particles/m3. Multiple regression

analysis showed that increases in temperature, air pressure, and dew point were

correlated, but no single factor predicted the occurrence of a spore plume.

Thunderstorms occurred later on 3 of 4 plume days (see Fig. 1).
Special circumstances

Release of submicronic allergenic particles

Persistence of ragweed hay fever symptoms has been known to persist for

days after intact pollen is no longer collected from the air. This observation

spurred studies that then demonstrated airborne allergens in submicronic particles

[40,41]. It was assumed that such particles represented fragmented pollen grains.

Airborne birch antigenic activity has been demonstrated on particles smaller than

2.4 mm [8]. Starch granules are prominent in the cytoplasm of certain pollens,

such as the grasses (Poaceae) and docks (Rumex, Polygonaceae) [42]. One study

found that grass starch granules have heavy concentrations of group 5 allergens

[43]. It has been postulated that the force of storm-driven raindrops disrupts grass

pollen grains, releasing large amounts of respirable allergen-laden starch granules

[44]. Taylor et al have demonstrated that a moisture-drying cycle of grass pollen

results in starch granules that emanate through the aperture [9].

Thunderstorms

There have been reports of dramatic epidemics of asthma-related emergency

department visits after thunderstorms. During a midsummer, 2-day interval in

Calgary, Canada, in 2000, there was a near 10-fold rise in asthmatic urgent care

complaints associated with a thunderstorm [45]. Patients who were outside before

the storm were particularly affected. A stagnant air mass during the previous day

resulted in low pollen and spore counts, followed by high winds with the storm

and a marked elevation of pollen and spore counts. In England, a number of

severe thunderstorms (those with a large number of lightening discharges, or

sferics) were associated with increased emergency department visits among child

and adult asthmatics, especially if these storms occurred after days of high grass

pollen counts [46]. Spring epidemic asthma had been linked to grass pollen

sensitivity at a large Air Force Base outside of Sacramento, California [47].
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Another study demonstrated that cold air downdrafts and outflows from thunder-

clouds tend to concentrate grass pollen grains near to the ground (Fig. 1) [48].

Several studies showed associations between asthma flares, thunderstorms, and

rises in grass pollen counts [46,48–53]. It seems that several factors are

responsible for this phenomenon of increased grass allergen concentration:

resuspension of settled grains because of the wind, concentration of grains within

outflow bands low to the ground, and increased airborne grass allergens on starch

granules from disrupted grains. Irritation of asthmatic airways from cold air and

airborne grit also probably contribute.
Summary

Although prevalent weather helps define climate, individual weather condi-

tions, such as rain, humidity, wind speed and direction, temperature, or amount of

sunshine, may have direct and indirect effects on bioaerosols. Effects may be

immediate or cumulative. Precipitation and humidity acutely decrease particle air

burden, but sufficient preseason moisture is necessary to assure proper growth of

flower buds on perennials and trees and growth of annuals in general. Ambient

temperature increase is necessary for anthesis in many plants, and cumulative heat

above a threshold value has been linked to onset and intensity of pollination in

grasses, weeds, and trees.

Wind direction only impacts if there is lack of uniformity in the pollen sources

that surround sampling sites. Wind speed may factor in re-entrainment of settled

particles or may act to scour the air. Thunderstorms provide a unique sum of

factors that greatly may increase aeroallergen burden.

Dispersal of mold spores is linked intimately to precipitation and humidity.

The effects may be opposed diametrically, however, depending on the type of

fungi. Certain ascospores and basidiospores require active rainfall for release of

spores, whereas other Deuteromycetes are suppressed by precipitation.
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