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ABSTRACT: The aim of the study was to characterize patients at risk of asthma
exacerbation during spring thunderstorms and identify potential measures to amel-
iorate the impact of those events.

A case-control study was conducted among patients aged 7±60 yrs, who attended
Wagga Hospital (NSW, Australia) for asthma during the period of 1 June 1997 to 31
October 1997. One hundred and eighty-three patients who attended on 30 and 31
October 1997 were the cases and the remaining 121 patients were the controls.
Questionnaire data were obtained from 148 (81%) cases and 91 (75%) controls.

One hundred and thirty-eight (95%) cases who attended during the thunderstorm
gave a history of hayfever prior to the event compared to 66 (74%) controls who
attended at other times (odds ratio (OR) 6.01, 95% confidence interval (CI) 2.55±
14.15); 111 (96%) cases were allergic to rye grass pollen compared to 47 (64%)
controls (OR 23.6, 95% CI 6.6±84.3). Among subjects with a prior diagnosis of asthma
(64% cases and 82% controls), controls (56%) were more likely to be taking inhaled
steroids at time of the thunderstorm than cases (27%, OR 0.3, 95% CI 0.16±0.57).

History of hayfever and allergy to rye grass are strong predictors for asthma
exacerbation during thunderstorms in spring. The lower rate of inhaled steroid use in
thunderstorm cases suggests that this treatment may be effective in preventing severe
attacks during thunderstorms.
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Numerous studies have documented the association
between environmental and climatic conditions and asthma
exacerbations [1±5]. Exposures to high levels of ozone,
aerosols, nitrogen oxides and sulphur dioxide have been
associated with attendance at hospital with asthma [6±8].
Soybean dust released during cargo handling in the port
of Barcelona (Spain) was identified as the cause for a
series of severe epidemics of exacerbations of asthma [9].

Asthma epidemics have been reported in association
with thunderstorms in Melbourne (Australia) [2]; Tam-
worth (UK) [10] London (UK) [4, 11, 12] and Birming-
ham (UK) [13]. Several meteorological features such as
temperature, high humidity, rainfall, thunderstorm elec-
tric or lightening activity have been proposed as possible
triggers for severe exacerbations of asthma following a
thunderstorm [4, 11], However, not all thunderstorms are
associated with asthma exacerbations and not all asthma
epidemics are preceded by thunderstorms [14].

In the Melbourne epidemic in 1989, investigators found
that 100% of the storm-affected patients suffered from
hayfever; and they were significantly more likely to have a
positive and more intense skin-prick test response to rye
grass pollen (p<0.05). Similar findings were reported in the
Tamworth (UK; 1990), and London (UK; 1994) epidemics
[4, 10].

Evidence from previous studies suggested that rye grass
pollen plays an important role in the aetiology of spring
asthma exacerbation in Melbourne and in northern Cali-
fornia (USA) [2, 15]. KNOX [16] has demonstrated that
pollen grains degranulate on exposure to moisture: releas-
ing pollen granules of respirable size. These observations
led to the hypothesis that moisture-induced degranulation
of grass pollens is responsible for the severe exacerba-
tions of asthma which occur during thunderstorms [16,
17].

An epidemic of acute exacerbations of asthma occurred
in Wagga Wagga (population 55,000) [l8] in inland, south-
eastern Australia on 30 October 1997 following a thunder-
storm. The epidemic continued until the following day, by
which time 215 people attended Wagga Base Hospital for
asthma, of whom 41 were admitted to hospital. Two people
had severe, life-threatening attacks and required intubation
and ventilation. People in Wagga Wagga are aware of
similar, though less severe, episodes accompanying thund-
erstorms in 1987, 1993 and 1996.

In order to devise a public health approach to the pre-
vention of severe morbidity in subsequent episodes, the
current authors conducted a case-control study to cha-
racterize the individual risk factors for exacerbations of
asthma during thunderstorms.
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Methods

Study design

A case-control study was conducted to identify factors,
which distinguished people with asthma, who experienced
a severe attack during the thunderstorm, from those who
experienced exacerbations at other times.

Study population

The study population consisted of people aged 7±60 yrs
who were within 100 km of Wagga Wagga at the time of
the thunderstorm and who had attended Wagga Base Hos-
pital during the period 1st July 1997 to 31st October 1997
with a recorded diagnosis of asthma (International Classi-
fication of Diseases 9 Code 493) [19]. Cases were those
who attended the emergency department from 12:00 h 30
October until 24:00 h 31 October 1997 and the remaining
patients, who attended at other times, were controls in this
analysis. The study population was identified from the
medical records of Wagga Base Hospital.

Forty subjects attended on more than one occasion
during the study period. Each of these subjects was inc-
luded only once: as either a case or a control. All those who
attended during the thunderstorm were classified as cases,
regardless of whether they also attended at other times
(n=12). An upper age limit of 60 yrs was chosen to mini-
mize the possibility of misclassification of patients with
chronic obstructive pulmonary diseases [20]. Children aged
<7 yrs (11 cases and 78 controls) were also excluded. The
authors sort to avoid the problem with misclassification
of virus-associated wheezing illness in very young chil-
dren [21] and also anticipated difficulties in performing
skin-prick tests in this age group.

Survey instrument

A seven-page self-administered questionnaire was deve-
oped and pilot tested. The first part of the questionnaire
consisted of questions about sociodemographic character-
istics, including smoking status. Subsequent questions
dealt with the subject's location at and around the time of
the thunderstorm including: location in the town; whether
they were indoors or outdoors; if indoors, whether win-
dows were open or closed. Information was also sought on
the incidence and timing of asthma symptoms around the
time of the thunderstorm. The next section asked subjects
about asthma symptoms (that is, wheeze and chest tight-
ness) and hayfever symptoms (hayfever, nasal allergies and
sinus discomfort) during the previous 12 months. In add-
ition, information was sought with regard to previous
thunderstorm-associated symptoms, asthma-related hospi-
tal admissions or work absenteeism, and treatment for
asthma prior to the index hospital attendance.

Skin-prick tests

Skin-prick tests were performed to identify the presence
of allergic sensitization to eight allergens in all members of
the study population who consented to this procedure. The

allergens tested were Alternaria alternata (fungi), wheat
grain, rye grass pollen, Cladosporium (fungi), cotton, cat
dander, mixed grains, and house dust mite (Dermatopha-
goides pteryonissinus). Droplets of the allergen extracts
(Hollister-Stier, Elkhart, IN, USA), histamine 10 mg.mL-1

(as a positive control) and saline/glycerol 50% volume (v)/
v (as negative control) were applied to the volar surface of
the forearm. The skin was pricked with a lancet through
each droplet. Fifteen minutes later the maximum weal
diameter and its perpendicular were measured to the
nearest millimetre. Mean weal diameter $3 mm and more
than or equal to the glycerine control was defined as a
positive response. Tests in which the histamine weal and
all allergen weals had a mean diameter <3 mm were
defined as negative.

Procedure

The questionnaire, together with an explanatory letter
and a reply-paid envelope, was posted to all eligible cases
and controls on 1 December 1997. Six weeks later, non-
respondents received a second questionnaire and a rem-
inder note. All subjects, including those who had not
responded to the postal questionnaire, were followed-up by
telephone to arrange for skin-prick tests to be performed.
At least three attempts by telephone were made to contact
cases and controls during working hours, in the evening on
a weekday, and on a weekend. Subjects were asked to
attend the Community Health Centre in Wagga Wagga for
skin-prick tests. Those who had not returned their ques-
tionnaires were reminded to complete one. In addition,
subjects who attended for skin-prick tests were encouraged
to complete a questionnaire if they had not already done so.

The study was approved by Ethics Review Committees
of the University of Sydney (Australia) and the Greater
Murray Area Health Service (Australia).

Data analysis

Questionnaire data and skin-prick test results were ana-
lysed using SAS for windows statistical package (SAS
Institute, Cary, NC, USA). Univariate analysis was carried
out on potential risk factors associated with having asthma-
related symptoms during the thunderstorm.

A stepwise logistic regression model was used to iden-
tify which of the eight allergens tested by skin-prick tests
were independent predictors of risk of hospital attendance
during the thunderstorm. A second model was used to test
the risk for thunderstorm asthma associated with age; sex;
number of years lived in Wagga Wagga; previous doctor's
diagnosis of asthma; the use of inhaled steroids or other
medications; and markers of severe asthma including his-
tory of chest tightness on waking in the morning, prior
hospitalization for asthma, missed work and limited act-
ivity because of asthma [22, 23].

The entry probability for the stepwise procedure was
0.05 and the removal probability was 0.10. Variables that
remained significant at p<0.05 were retained in the model.

A subsidiary cross-sectional analysis was undertaken,
using data on cases and controls combined, to test the
effect of being outdoors on the risk of having symptoms at
the time of onset of the storm.
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Results

Characteristics of study subjects

There were 183 cases who attended hospital with ast-
hma on the day of the thunderstorm and 121 controls who
attended with asthma before 30th October. One hundred
and forty-eight cases (81%) and 95 (78.5%) controls com-
pleted the questionnaire. However, four controls were
excluded because they were not in Wagga Wagga on the
day of the thunderstorm, resulting in 91 controls. Nineteen
of the nonrespondents indicated that they did not wish to
participate and one was too ill. In addition, 41 could not be
contacted by telephone and their questionnaires were
returned undelivered.

One hundred and ninety (82%) of the questionnaire
respondent-subjects had skin-prick tests (116 cases and 74
controls). Of the 49 who did not have skin-prick tests, 21
refused; 15 were not Wagga Wagga residents; and 13 could
not be contacted because they had moved or they did not
have a telephone.

Subjects who attended at the time of the thunderstorm
(cases) were compared with control subjects who attended
at other times with respect to sociodemographic character-
istics (table 1). Of those who were aged $18 yrs, 16% of
the cases were current smokers compared to one-third of
the controls (odds ratio (OR) 0.39, 95% confidence inter-
vals (CI) 0.18±0.83, p=0.01).

Skin-prick tests

Table 2 shows the prevalence of sensitization to the
eight allergens tested. Nearly all (96%) of the cases who
attended the hospital at the time of the thunderstorm were
allergic to rye grass pollen and this was a very strong risk
factor. Allergy to Cladosporium mould was also an ind-
ependent risk factor for attending hospital on the day of
the thunderstorm. In contrast, allergy to Alternaria was
more common in people who attended hospital with asth-
ma at other times (controls) than cases who attended on
the day of the thunderstorm.

Location at the time of the thunderstorm

Being outdoors at the time of the thunderstorm was not a
significant risk factor for having an asthma exacerbation
which required hospital attendance at that time. Thirty-
eight per cent of those who attended at the time of the
thunderstorm (cases) and 29% of those who attended
before 30th October (controls) were outdoors during the
thunderstorm and 50% of cases and 40% of controls were
outdoors in the 2 h before the storm. Similarly, being in-
doors with closed windows was not a significantly pro-
tective factor.

However, it was observed that many of the controls,
who did not attend the hospital on the day of the
thunderstorm, nevertheless experienced symptoms on that
day. For example, 55 (64%) controls reported wheeze, and
24 (29%) actually sought medical attention (other than at
the hospital emergency department) for asthma on the day
of the thunderstorm. Among all symptomatic subjects (that
is, cases and controls) on the day of the thunderstorm,
being outdoors or indoors with open windows between
20:00 h and 12:00 h was associated with an increased risk
of onset of asthma symptoms at that time compared to
being indoors with windows closed (OR 2.11; 95% CI
1.12±3.97; p=0.02).

Of the 137 cases and 55 controls who reported having
wheeze in association with the thunderstorm, 109 (80%)
cases and 22 (40%) controls started wheezing 2 h after and
continued to wheeze for about 8 h after the thunderstorm
(fig. 1).

Table 2. ± Prevalence of sensitization to specific allergens among patients attending hospital during the thunderstorm
(n=116) and those attending at other times (n=74)

Thunderstorm
patients
n (%)

Patients attending
at other times

n (%)

Unadjusted odds
ratio

Adjusted odds
ratio*

95% CI# p-value#

Rye grass 111 (96) 47 (64) 12.8 23.0 6.62±84.33 0.0001
Cladosprium 71 (61) 26 (35) 2.9 2.8 1.21±6.29 0.02
Alternaria 37 (32) 31 (42) 0.7 0.3 0.11±0.58 0.001
House dust

mite 78 (67) 46 (62) 1.2 NS

Cat 57 (49) 25 (34) 1.9 NS

Mixed grains 54 (47) 18 (25) 2.7 NS

Wheat grain 20 (26) 9 (12) 2.5 NS

Cotton 18 (16) 1 (1) 13.4 NS

95% CI: 95% confidence intervals; NS: nonsignificant. *: adjusted for other allergens shown (selected by stepwise logistic regression); #:
for adjusted odds ratio.

Table 1. ± Sociodemographic characteristics of subjects

Characteristics Thunder-
storm

patients
n (%)

Patients
attending
at other

times n (%)

p-value for
difference

Male 68 (46) 38 (42) NS

Age mean�SD 28�13.0 26.0�15.0 NS

Smoke ever age $18
yrs 52 (43) 34 (59) NS

Current smoking age
$18 yrs 18 (16) 17 (33) 0.01

Exposure to household
smoking age <18 yrs 5 (23) 9 (29) NS

NS: nonsignificant.
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Previous history of asthma symptoms and hayfever

Among the thunderstorm asthma cases, the prevalence
of recent hayfever was 90%. However, the prevalence of
recent wheeze was only 61%. Table 3 shows that, com-
pared to controls who attended the hospital at other times,
cases who attended during the thunderstorm were four
times more likely to have had hayfever in the 12 months
prior to their hospital presentation. In contrast, they were
less likely to have had symptoms of asthma prior to their
presentation. Fifty-three (36%) of the thunderstorm cases
did not have prior doctor diagnosis of asthma. Less than
one-third of cases (29%, n=67) reported experiencing

wheeze following previous thunderstorms compared to
43 (19%) controls.

Asthma tended to be less severe in the thunderstorm
cases than in the controls who had attended hospital at
other times (table 3). Only 53 (36%) of the cases had
sought medical attention and 18 (12%) had been hos-
pitalized for asthma within the prior 12 months. Cases
were less likely than controls to report missing work or
limited activity during the previous year because of
asthma (table 3).

Use of medications

Subjects' use of medications before the asthma attack
which led to hospital attendance during the study period is
presented in table 4. Among subjects who had doctor-
diagnosed asthma, cases were less likely than controls to
be taking inhaled steroids once a week or more (27%
versus 56%, p<0.001) but the two groups did not differ
significantly in the frequency with which they used inh-
aled bronchodilators (58% versus 65%, NS).

After adjusting for age, sex, years lived in Wagga
Wagga, doctor diagnosed asthma, use of other medications
and variables related to the severity of asthma, cases were
less likely than controls to be taking inhaled steroids
(adjusted OR 0.43; 95% CI 0.22±0.87).

Among subjects with doctor-diagnosed asthma, 17
(19%) cases had a written asthma management plan
(AMP) compared to 29 (41%) controls (OR 0.33, 95% CI
0.16±0.67, p=0.002). However, only 9 (5%) cases and 23
(19%) controls used their AMP during the asthma episode
that required hospital attendance (p=0.2).

Discussion

This study supports the findings of previous investiga-
tions that allergy to grass pollen and a previous history of
hayfever are strong predictors for severe asthma exacer-
bation following thunderstorms in the grass pollen season.
In addition, the authors have presented evidence to suggest
that people who were outdoors or indoors with open
windows during the thunderstorm had twice the risk of
experiencing asthma symptoms at the time of the thund-
erstorm compared to people indoors with the windows
closed. The findings of this study also imply that taking
regular inhaled steroid therapy could be effective in the
prevention of asthma exacerbation during thunderstorm
asthma epidemics.

In this study, the relatively low prevalence of smoking
among the thunderstorm patients is surprising. It is
possible that the patients attending at other times included
some patients with chronic obstructive pulmonary disease
(COPD) misdiagnosed as asthma. Patients with COPD
would be expected to include a high proportion of smo-
kers. The other possible explanation is that smoking
conferred some protection against the effects of thunder-
storm-induced airway narrowing. However, there is no
plausible biological mechanism for this.

The study has two possible methodological limitations.
Firstly, recall bias may have influenced the assessment of
risk factors, in particular those concerning subjects' loc-
ation at the time of the thunderstorm. This was a major
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Fig. 1. ± Proportion of subjects with wheeze on 30th and 31st October
1997. The thunderstorm began at 20:00 h 30th October 1997. *: cases;
&: controls.

Table 3. ± Prevalence of symptoms, healthcare utilization
and disability due to asthma and rhinitis among patients
attending hospital during the thunderstorm (n=148) and
those attending at other times (n=91)

Thund-
erstorm
patients
n (%)

Patients
attending
at other
times n

(%)

Unad-
justed
odds
ratio

95% CI p-value

Recent hayfever 132 (90) 62 (69) 4.3 2.1±8.65 0.001
Recent wheeze 89 (61) 67 (76) 0.5 0.27±0.88 0.02
Recent chest

tightness 84 (58) 65 (73) 0.52 0.29±0.92 0.02
Recent morning

chest tightness 54 (38) 53 (60) 0.4 0.23±0.69 0.001
ever diagnosed

asthma 93 (64) 73 (82) 0.38 0.2±0.73 0.003
Recent doctor

visit 53 (36) 66 (73) 0.2 0.12±0.36 0.001
Recent sleep

disturbance 73 (51) 66 (73) 0.35 0.2±0.63 0.001
Recent hospital

admission 18 (12) 26 (29) 0.34 0.18±0.68 0.002
Limited activity 54 (37) 58 (65) 0.33 0.19±0.57 0.001
Missed work 29 (20) 44 (51) 0.24 0.13±0.44 0.001

95% CI: 95% confidence interval.
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thunderstorm in Wagga Wagga and the authors believe that
it is likely that most people would have recalled the event
when they subsequently answered the questionnaire. How-
ever, it is possible that those subjects who were badly
affected had better recall of being outdoors, the time of
onset of symptoms and other events around the time of the
storm. It is difficult to be certain what effect, if any, this
would have on the OR that has been estimated. Secondly,
the case control comparisons need to be considered care-
fully as the study population was chosen to reflect the
subset of patients with asthma who experience exacerba-
tions requiring attendance at the emergency department.
The study population is not representative of all people
with asthma, which may limit the generalizability of the
findings. However, it is anticipated that most patients with
asthma in Wagga Wagga would use the emergency dep-
artment service for acute episodes. The data are consistent
with previous investigations of thunderstorm asthma epi-
demics in London, Melbourne, and Tamworth [2, 4, 10].

Allergy to rye grass pollen and history of hayfever has
been associated with thunderstorm asthma exacerbation in
previous investigations [2, 4, 13]. This is consistent with
the findings of the current study in which 95% of
thunderstorm cases were allergic to rye grass and a similar
proportion reported prior hayfever symptoms. A severe
thunderstorm together with a high grass pollen count
prior to the thunderstorm was proposed as the cause of the
London epidemic in 1994 [11]. and of the Melbourne
epidemic [2, 16, 17]. Daily pollen counts for Wagga
Wagga during the period September to November 1997
indicate that the pollen concentration was at its highest in
the few days before the epidemic (data not shown). Taken
together, these studies provide strong evidence that these
exacerbations of asthma are the result of high exposure to
grass allergen.

There is a simple evidence from laboratory studies that
inhalation of soluble allergen can cause severe and pro-
longed (or biphasic) bronchoconstriction together with

increased airway hyperresponsiveness [24, 25]. The
aerodynamic diameter of grass pollen grains varies
between 20±120 mm, which is too large for inhalation
into the lower respiratory tract. However there is evidence
that pollen allergen is found in association with fine
particles as well as grains in the atmosphere, and that
these fine particles are small enough to be inhaled [26]. In
addition, the atmospheric conditions during thunder-
storms may induce grains to rupture and release respirable
allergen-containing granules.

The study showed that sensitivity to the fungus
Cladosporium was an independent risk factor for hospital
attendance with asthma during the thunderstorm whereas
sensitization to the fungus Alternaria was not. Earlier work
implicates Alternaria exposure as a cause of asthma exa-
cerbation in sensitized individuals although its role during
thunderstorms has not been investigated [27±29]. Sensi-
tization to Cladosporium is associated with diagnosis of
asthma and rhinitis [30, 31] but the possible importance
of the fungus in triggering acute asthma exacerbation has
not been previously reported. Aerobiological studies
show that levels of Cladosporium spores in ambient air
may be amongst the highest of the fungi and its role in
causing exacerbations of asthma deserves further in-
vestigation [32, 33].

To the authors' knowledge, this is the first study to
document patients' location during the thunderstorm as a
risk factor for experiencing asthma symptoms. Although
location at the time of the thunderstorm did not affect the
likelihood of having to attend hospital (that is, being a case
in this study design), subjects who were outdoors had
twice the risk of suffering asthma symptoms at the time of
the thunderstorm. If confirmed in subsequent studies this
finding would have important implications for the public
health advice that should be given to people with asthma,
living in affected areas, when thunderstorms are approach-
ing.

The finding that patients with asthma who did not
experience a severe attack during the epidemic requiring
hospital attendance were more likely to be using inhaled
steroids compared to those who attended at the time of the
thunderstorm is consistent with the established beneficial
effect of this class of drugs preventing exacerbations of
asthma [34, 35]. Nevertheless, it should be noted that the
estimate of the size of the protective effect of inhaled
steroids in thunderstorm epidemics could have been
confounded by severity. Thunderstorm cases may have
been less likely to be prescribed steroids prior to that
event because they had less severe asthma than the
controls.

In conclusion, hayfever sufferers and those who are
allergic to rye grass pollen are at risk of experiencing
exacerbation of asthma symptoms following thunder-
storms in the peak grass pollens season. Indeed, these
factors are highly sensitive as predictors of risk and seem to
be essential prerequisites for severe exacerbations of ast-
hma during spring-time thunderstorms. Some individuals
who experience asthma symptoms during these thunder-
storms will not have been previously diagnosed with
asthma.

The findings of this study suggest that individuals with a
history of asthma and hayfever, that is "wheezers and
sneezers", who live in areas affected by spring thunder-
storm-associated epidemics of asthma, should use inhaled

Table 4. ± Use of medications

Medication Thund-
erstorm
patients
n (%)

Patients
attending
at other
times
n (%)

Unad-
justed
odds
ratio

95% CI p-value

All subjects 148 81
b agonist,

short-acting 56 (38) 52 (58) 0.5 0.26±0.77 0.003
Inhaled steroid 25 (17) 42 (47) 0.2 0.12±0.43 0.001
Cromones 13 (9) 10 (11) 0.8 0.33±1.86 NS

LABA* 2 (1) 7 (8) 0.2 0.03±0.82 0.01
Subjects with

doctor diag-
nosed asthma 93 73

b agonist,
short-acting 53 (58) 47 (65) 0.7 0.39±1.37 NS

inhaled steroid 25 (27) 40 (56) 0.3 0.16±0.57 0.001
Cromones 12 (13) 10 (14) 0.9 0.37±2.29 NS

LABA* 2 (2) 5 (7) 0.2 0.05±1.3 NS

95% CI: 95% confidence intervals; NS: nonsignificant. *LABA:
long-acting b2 receptor agonist.
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steroids during spring. Further investigation is required to
establish whether advising such people to stay indoors with
the windows closed during thunderstorms in spring is also
an effective preventative measure.
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