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BACKGROUND: Studies of thunderstorm asthma to understand risk factors using high-resolution climate data and asthma outcomes on a large scale are
scarce. Moreover, thunderstorm asthma is not well studied in the United States.
OBJECTIVES: We examined whether climate parameters involved in thunderstorms are associated with emergency department (ED) visits for acute
asthma attacks in the United States.
METHODS:We analyzed 63,789 asthma-related, daily ED visits for all age groups, and thunderstorm-associated climate data in Louisiana during 2010
through 2012. We performed time-series analyses using quasi-Poisson regression models with natural cubic splines of date, parish, holiday, day of
week, season, daily maximum concentrations of ozone (O3) and fine particulate matter [PM ≤2:5 lm in aerodynamic diameter (PM2:5)], and daily
mean pressure, precipitation, and temperature. Because of a significant interaction effect between temperature and lightning days on asthma-related
visits, we performed stratified analyses by days with/without lightning or thunderstorm (defined by any lightning and precipitation).
RESULTS: On thunderstorm days, higher asthma-related ED visits were associated with higher daily mean precipitation [relative risk ðRRÞ=
1:145 per 1 g=m2=s (95% CI: 1.009, 1.300)] and lower daily mean temperature [RR=1:011 per 1°C change (1.000–1.021)] without carry-over effect
to the next non-thunderstorm day. These higher risks were found mainly among children and adults <65 years of age. We observed similar results on
lightning days. However, we did not find similar associations for non-thunderstorm or non-lightning days. Daily maximum O3 and PM2:5 levels were
not significantly associated with asthma ED visits on thunderstorm days.

DISCUSSION: Higher precipitation and lower temperature on thunderstorm days appear to contribute to asthma attacks among people with asthma,
suggesting they should consider taking precautions during thunderstorms. EDs should consider preparing for a potential increase of asthma-
related visits and ensuring sufficient stock of emergency medication and supplies for forecasted severe thunderstorm days. https://doi.org/10.1289/
EHP10440

Introduction
In the United States, thunderstorm asthma (asthma attacks associ-
ated with thunderstorms) is not a well-studied phenomenon,
whereas it is better understood in Europe and Australia.1–3

Thunderstorm asthma was first recognized in early 1980s in the
United Kingdom.4–6 The most recent severe outbreak was in 2016
in Melbourne, Australia, resulting in >8,500 patients with severe
asthma attacks, 35 patients admitted to intensive care, and 10
deaths.3,7 After the severe thunderstorm event, those who had
asthma and hay fever also reported respiratory distress.6 However,
thunderstorm asthma is not thought to lead to development of new

asthma cases; rather, it is an exacerbation of existing asthma and in
some cases, patients with seasonal rhinitis can have asthma attacks.7

Some evidence indicates the frequency of severe thunder-
storms is likely to increase in the future with global climate
change.3,7,8 All thunderstorms have lightning, and most in North
America are short-lived (within a couple of hours from develop-
ment to dissipation), sometimes producing heavy precipitation
and strong wind gusts.9,10 Surface temperature can drop suddenly
with falling precipitation and cold downdrafts during the forma-
tion of thunderstorms.9 Increases in respirable bioaerosols (cyto-
plasmic granules of pollens or fungal spores), along with sudden
changes in climate conditions, including electrical fields during
or after thunderstorms, are considered a potential mechanism for
thunderstorm-related asthma outbreaks.2,4,5,11–13

Studies investigating outbreaks of thunderstorm asthma over
the past few decades have had limitations, including small sample
sizes of thunderstorm days and low spatial resolution of climate
data (i.e., applying same climate data to the large area).2 To over-
come these, we analyzed daily emergency department (ED) visits
for asthma along with high-resolution climate data in all 64 par-
ishes (small geographical units similar to a county) in Louisiana
2010 through 2012. Located along the Gulf Coast, Louisiana has
one of the highest frequencies of thunderstorms and the highest
prevalence of asthma in nonmetropolitan statistical areas in the
United States.14,15 The objective of our study was to examine
whether parish-level daily ED visits for acute asthma attacks in
Louisiana were associated with meteorological conditions linked
to thunderstorm events.

Address corresponding to Ju-Hyeong Park, Centers for Disease Control and
Prevention/National Institute for Occupational Safety and Health, 1095
Willowdale Rd., Morgantown, WV 26505 USA. Telephone: (304) 285-5967.
Email: gzp8@cdc.gov. And, E. Lee, Department of Geography, Kyung Hee
University, 26 Kyungheedae-ro, Dongdaemun-gu, Seoul, 02447, South
Korea. Telephone: 82-2-961-9268. Email: eungul.lee@khu.ac.kr
Supplemental Material is available online (https://doi.org/10.1289/EHP10440).
The authors declare they have nothing to disclose.
Received 5 October 2021; Revised 2 June 2022; Accepted 11 July 2022;

Published 3 August 2022.
Note to readers with disabilities: EHP strives to ensure that all journal

content is accessible to all readers. However, some figures and Supplemental
Material published in EHP articles may not conform to 508 standards due to
the complexity of the information being presented. If you need assistance
accessing journal content, please contact ehpsubmissions@niehs.nih.gov. Our
staff will work with you to assess and meet your accessibility needs within 3
working days.

Environmental Health Perspectives 087003-1 130(8) August 2022

A Section 508–conformant HTML version of this article
is available at https://doi.org/10.1289/EHP10440.Research

https://orcid.org/0000-0003-4419-9341
https://orcid.org/0000-0002-1887-1870
https://orcid.org/0000-0002-9230-0857
https://orcid.org/0000-0002-7666-4933
https://orcid.org/0000-0001-8483-1597
https://orcid.org/0000-0003-4713-2337
https://orcid.org/0000-0002-4272-3157
https://doi.org/10.1289/EHP10440
https://doi.org/10.1289/EHP10440
https://orcid.org/0000-0003-4419-9341
https://orcid.org/0000-0002-1887-1870
https://orcid.org/0000-0002-9230-0857
https://orcid.org/0000-0002-7666-4933
https://orcid.org/0000-0001-8483-1597
https://orcid.org/0000-0003-4713-2337
https://orcid.org/0000-0002-4272-3157
mailto:gzp8@cdc.gov
mailto:eungul.lee@khu.ac.kr
https://doi.org/10.1289/EHP10440
http://ehp.niehs.nih.gov/accessibility/
mailto:ehpsubmissions@niehs.nih.gov
https://doi.org/10.1289/EHP10440


Methods

Data Sources
ED discharge data for Louisiana during 2010 through 2012 were
available at the beginning of the study in 2016 and were collected
by SharCor LLC, a partner of the Louisiana Hospital Association.
Of 123 licensed acute and critical care hospitals in Louisiana,
∼ 75% contributed to the data. These did not include any federal
facilities, such as Veterans Affairs hospitals. We selected asthma-
related ED visits based on primary discharge diagnosis, namely,
International Classification of Diseases, Ninth Revision, Clinical
Modification16 (ICD-9-CM) code 493.We also identified ED visits
from the inpatient discharge database if the point of origin code
indicated ED, or if revenue codes 0450–0459 or 0762 were
associated with the record. Of 5:2million records with a valid
ICD-9-CM code that were queried, 65,285 records had an ICD-9-
CM code consistent with asthma (ICD-9-CM 493). Approximately
13% of these were extracted from the inpatient discharge database
based on the point of origin or revenue code. Records were then
processed according to the Standards for Nationally Consistent
Data and Measures (NCDM) within the Centers for Disease
Control and Prevention’s (CDC) National Environmental Public
Health Tracking Network,17 removing any observation that did not
have a valid Louisiana ZIP Code or city (n=1,451; 2% of asthma
records). Observations with no parish information were assigned
one by cross-referencing with the ZIP Code or city data (n=6,283;
10%). Finally, 42 duplicate records and 3 records of admissions
occurring for the same primary ICD-9-CM code within <48 h
were removed in accordance with the NCDM guidance. The final
data set (n=63,789) was then de-identified and aggregated to three
age groups [children and adolescents (described as “children”
hereafter): 0–<19, adults: 19–<65, and older adults: ≥65 years
years of age] at the parish level to protect patient confidentiality.
Because these de-identified data were collected as part of public
health surveillance, the data were considered institutional review
board (IRB)–exempt according to the CDC’s IRB determination
policy.

A climate database was constructed by extracting climate var-
iables from the National Centers for Environmental Prediction
(NCEP) North American Regional Reanalysis (NARR),18 down-
loaded from the National Oceanic and Atmospheric Administration
(NOAA) website.19 NARR contains climate variables in which
spatial and temporal resolutions are high and consistent over
time (in a 32× 32-km grid every 3 h). It incorporates millions
of observations from various sources over North America into a
data assimilation system. Among the hundreds of climate varia-
bles in NARR, we extracted variables associated with the physi-
cal and dynamic processes of thunderstorms. To match with
daily asthma-related ED visit data, the daily means of NARR
climate variables during 2010 through 2012 were extracted
from grid cells containing centroid points of each parish in
Louisiana, and parish data were organized using Federal
Information Processing Standards (FIPS) codes. The climate
variables used in the final modeling included 2-m daily mean
air temperature (in degrees Celsius), daily mean sea level pres-
sure (in kilopascals), daily precipitation rate (in grams of water
per square meter per second), and horizontal daily mean wind
speed (in meters per second).

Lightning is an electrostatic discharge formed during tempo-
rary equalization of opposite charges between the storm cloud
and the ground. The radio waves emitted from cloud-to-ground
lightning strikes have been recorded by the National Lightning
Detection Network (NLDN) each day since 1986,20 and grids
of 0.10 degrees were created to show only positive polarity
flashes. The lightning data stored at the National Centers for

Environmental Information were aggregated to the parish level
for each day to match with health outcome data for the study.21

Daily maximum ambient air concentrations of fine particulate
matter [PM ≤2:5 lm in aerodynamic diameter (PM2:5)], in
micrograms per cubic meter, and ozone (O3), in parts per billion,
were predicted using the U.S. Environmental Protection
Agency’s monitoring data from their Air Quality System sites
and using the Bayesian space–time downscaling fusion modeling
approach at census-tract centroids for the contiguous United
States.22,23 From these predicted data, daily and population-
weighted parish-level PM2:5 and O3 concentrations were esti-
mated for the study.

Data Analysis
We performed time-series analyses using log-linear quasi-Poisson
regression models that accounted for overdispersion to examine
associations of daily asthma-related ED visits with daily climate
variables described earlier. Time-series analysis does not require
adjustment for other common confounding variables such as age,
gender, sex, race, and smoking status because their distributions do
not change from day to day at the population level.24 In addition,
race/ethnicity data were missing or unreliable for most of the
records and, thus, were not collected by the CDC for analysis. We
defined thunderstorm days as ones with both lightning and precipi-
tation (with greater than 0 grams water per meter squared per sec-
ond). To show spatial distribution of the number of daily asthma-
related ED visits, lightning strikes, and thunderstorm days over all
parishes in Louisiana, they were joined to cartographic files using
five-digit parish-level FIPS codes using QGIS (version 3.6.0;
QGISDevelopment Team). The Jenks natural breaks classification
scheme was used to determine critical intervals for spatial display
of maps.25 We observed that the association of temperature with
asthma-related ED visits depended on days with/without lightning
in our initial interaction model (pInteraction = 0:01). This interaction
effect made it difficult to interpret the separate effect of temperature
or lightning days (and thunderstorm days because it comprises
lightning by definition) on asthma-related ED visits. Therefore, we
performed stratified analyses using separate models by status of
lightning or thunderstorm.

The full model was constructed with known risk factors for
asthma, factors associatedwith ED visits for asthma, and important
meteorological factors involved in formating thunderstorms.9,10,23

The full model included a natural cubic spline of date, parish,
Louisiana holiday, day of week, season [dichotomized into non-
summer (October–April) vs. summer (May−September) owing to
the low frequency of thunderstorm days in spring, fall, or winter],
daily maximum O3 and PM2:5 concentrations, and daily mean pre-
cipitation rate, temperature, and sea level pressure. Natural cubic
spline function was fitted with 12 degrees of freedom per year to
adjust for long-term trends in patterns of asthma-related ED vis-
its.23,24 The analyses with the full model were also performed by
age group because asthma-related ED visits could differ by age.
We also constructed reduced models by excluding O3 and PM2:5
from the full model because they were not significant, and their
exclusion little changed (<1:6% in RR) associations between tem-
perature or precipitation and asthma-related ED visits on thunder-
storm days (Table 1). Horizontal daily mean wind speed was
excluded from all models because it was neither a significant pre-
dictor nor a confounder of associations of interest (<1:6% changes
in coefficients). We assumed log-linear relationships between
asthma-related ED visits and precipitation rate or temperature
because partial regression plots with generalized additive models
using a cubic penalized regression spline of precipitation and tem-
perature suggested log-linear relationships (Figures S1 and S2).
We evaluated 1-d time–lag effects of temperature and precipitation
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on asthma-related ED visits during the non-thunderstorm day that
followed a thunderstorm day because previous studies indicated
that more asthma-related ED visits occurred within several hours
after the thunderstorm, as discussed in detail in the “Discussion”
section.11,26 Pearson correlation coefficients were estimated
among the climate variables. Tukey honest significant differences
tests were used for multiple comparisons for the number of parish-
days with thunderstorm or lightning strikes among seasons or par-
ish.27 Pearson’s chi-square test was used to examine the difference
in lightning days between rainy and dry days. Analysis of variance
was used to test difference in climate and air pollutant variables
between thunderstorm and non-thunderstorm days. All statistical
analyses were performed using R (version.4.0.3; R Development
Core Team). Statistical significance for inference was considered
at p≤ 0:05:

Results

Characterization of Asthma-Related ED Visits and Climate
Data
A total of 63,789 asthma-related ED visits were reported in
Louisiana during 2010 through 2012 (19,417 in 2010; 20,902 in
2011; and 23,470 in 2012). Parishes in northwestern (Shreveport)
and southeastern (New Orleans) Louisiana had a higher number of
asthma-related ED visits (p=0:01) than others (Figure 1; Table
S1); this pattern was also apparent in the rate of ED visits for
asthma per 10,000 population (Figure S3; Table S2).17 The number
of asthma-related ED visits differed by age group, with the highest
for children (48%), followed by adults (44%), and older adults (8%)
(Figure S4).

We had a total of 70,144 parish-days, but 1.9% (1,344) of
those were missing lightning data; thus, we analyzed a total of
68,800 parish-days, of which 24.7% (16,992) had lightning
(Table S3). Of these parish-days with lightning, 10.7% (1,813
parish-days) had lightning with no precipitation, resulting in
15,179 parish-days with thunderstorms (22.1% of the total parish-
days with lightning) (Tables S3 and S4). There were more than
2-fold rainy than dry days [48,230 vs. 21,914 parish-days (68.8%
vs. 31.2%)], and 32% of 15,179 rainy days had at least one light-
ning strike. Rainy days were more likely to have lightning
(p<0:001) (Table S3). The number of lightning strikes and thun-
derstorm days were not statistically different by parish (Figure 1;
Table S1) but was highest during summer (Figure 2).

Daily mean pressure was lower on thunderstorm days than non-
thunderstorm days (101.50 vs. 101.77 kPa; p<0:001), but mean
temperature was higher (24.7 vs. 18.8°C; p<0:001) (Table S5). On
average, precipitation ratewas >4-fold higher on thunderstorm days
than non-thunderstorm days (0.097 vs. 0:023 g=m2=s; p<0:001).
There were 67 parish-days that had a precipitation rate equal to or
exceeding 1 g=m2=s: 24 from thunderstorm days and 43 from non-
thunderstorm days (Figure S5). Among the thunderstorm days, pre-
cipitation rate was negatively and significantly correlated with mean
temperature (correlation coefficient, r= − 0:16), whereas the corre-
lation was positive on non-thunderstorm days (r=0:08) (Figure
3A). Daily mean pressure was negatively correlated (r= − 0:12)
with temperature on thunderstormdays andwasweaker than the cor-
relation on non-thunderstorm days (r= − 0:53) (Figure 3B). Daily
mean pressure was also negatively correlated with precipitation rate
on both thunderstorm and non-thunderstorm days (Figure 3C). Both
daily maximum O3 and PM2:5 levels were negatively correlated
with precipitation but positively correlated with temperature
(jrj<0:27) on thunderstorm or non-thunderstorm days (data not
shown). The number of lightning strikes on thunderstorm days was
significantly (p<0:001) and positively but very weakly correlated
withO3 (r=0:09) and PM2:5 (r=0:03).T
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Associations of Asthma-Related ED Visits with
Meteorological Conditions
On thunderstorm days, the final reduced model indicated that
for each 1 g=m2=s (3:6 mm=h) higher daily mean precipitation
rate, the risk of asthma-related ED visits was 14.5% higher
[relative risk ðRRÞ=1:145; 95% CI: 1.009, 1.300] (Table 1;
Figure S5). During the study period, this higher risk was equiv-
alent to 1.6% more asthma-related ED visits as precipitation
changed from the 25th to the 75th percentile (interquartile
range: 0:12 g=m2=s) or 25.4% more visits when the precipita-
tion changed from the median (0:04 g=m2=s) to the maximum
(1:71 g=m2=s). The full models yielded a similar magnitude of
risk of asthma-related ED visits, as shown in Table 1. The posi-
tive association of precipitation with asthma-related ED visits
on thunderstorm days was mainly found among children
(RR=1:270; 95% CI: 1.056, 1.527) (Table 2). On non-
thunderstorm days, no precipitation effects were observed for
any age group (Tables 1 and 2). The reduced model also indi-
cated that for each 1°C lower daily mean temperature, the risk
of asthma-related ED visits was significantly higher by 1.1%
(RR=1:011; 95% CI: 1.000, 1.021) on thunderstorm days,
which was found mainly among adults (RR=1:014; 95% CI:
0.998, 1.029). However, on non-thunderstorm days, the associ-
ation with temperature drop depended on age group, with a pos-
itive association (0.4%; RR=1:004; 95% CI: 1.000, 1.009) for
children and a negative association (−0:4%; RR=0:996; 95%
CI: 0.992, 1.001) for adults (Table 2). Older adults did not con-
tribute to the higher risk of asthma-related ED visits associated
with precipitation or temperature during thunderstorm or non-
thunderstorm days.

Daily maximum O3 level was significantly associated with
higher risk (0.2% per 1 ppb change; RR=1:002; 95% CI: 1.001,

1.003) of asthma-related ED visits on non-thunderstorm days for
adults, but this association was not observed for thunderstorm
days. Daily maximum PM2:5 level was positively associated with
risk of asthma-related ED visits for children but negatively with
risk for adults and older adults only on non-thunderstorm days
(Table 2). The regression models indicated that risk of asthma-
related ED visits was significantly higher in non-summer seasons
than summer (data not shown). Precipitation or temperature on
the thunderstorm days did not influence asthma-related ED visits
on the next day without thunderstorm (Table 1). The RRs from
the full and reduced models using different strata categorized by
only lightning or no-lightning days (i.e., excluding precipitation
from the definition for a thunderstorm day) were similar to those
of thunderstorm day models (Table S6). Daily mean pressure and
horizontal wind speed did not have significant effects and did not
alter the associations of precipitation or temperature with asthma-
related ED visits (Tables S7 and S8).

Discussion
On thunderstorm days, a 1-g=m2=s higher daily precipitation rate
was associated with a 27.0% higher risk of asthma-related ED
visits for children (0–<19 years of age) but not for other age
groups in Louisiana; however, there was no such association for
any age group on non-thunderstorm days. Our finding of the posi-
tive association of precipitation with asthma-related ED visits
during only thunderstorm days appears supported by the pro-
posed mechanism of thunderstorm asthma. The mechanism sug-
gests that at the initial stage of thunderstorm development, whole
pollen grains on the ground level can be carried to the cloud base
by ascending air parcels. The pollen grains then frequently rup-
ture upon contacting moisture in the cloud, releasing respirable
pollen fragments with allergens in much higher concentration

Figure 1. Spatial distribution of the number of daily asthma-related ED visits, lightning strikes, and thunderstorm days in Louisiana, 2010–2012 (numerical
data in Table S1). The graph presents total number of asthma-related ED visits (A) in all days and (B) on thunderstorm days, (C) total number of cloud-to-
ground lightning strikes, and (D) number of thunderstorm days for each Louisiana parish, 2010–2012. Map created using the Free and Open Source QGIS (ver-
sion 3.16.11; QGIS Development Team). Background map sourced from U.S. Census Bureau (https://www.census.gov/programs-surveys/geography/technical-
documentation/naming-convention/cartographic-boundary-file.html). Note: ED, emergency department.
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than the concentration of pollen grains themselves.28–30 These
bioaerosols could be positively charged by lightning activity
and carried back down to ground level by precipitation and de-
scending cool air during a thunderstorm.2,11,13,29 Precipitation
itself can also influence atmospheric concentrations of pollens
and mold spores.2 Grass pollen concentration was positively
associated with asthma-related ED visits after a thunderstorm in
London in June 1994.11,13 Grundstein et al. reported a positive
association of rain on days with thunderstorms with asthma-
related ED visits in the Atlanta area, Georgia.31 Positively
charged respirable airborne allergens can be more readily depos-
ited in the lungs than uncharged particles13,26 and thus potentially
enhance immune responses.32 We observed that precipitation
rates were higher on thunderstorm days than non-thunderstorm
days, and the more severe a thunderstorm is, the more likely it is
to produce heavier precipitation.9 Therefore, more precipitation
accompanied by stronger downdrafts during severe thunder-
storms might result in higher concentrations of charged respira-
ble bioaerosols at ground level.

We also found that a lower mean temperature was associated,
independent of precipitation, with a higher risk of asthma-related
ED visits on thunderstorm days. Our finding may be partly
explained by an inverse relationship between ambient tempera-
ture and asthma hospitalization or ED visits previously
reported.33–35 In a retrospective electronic chart review of adults
with asthma-related ED visits, May et al. found that acute asthma
exacerbations were negatively correlated with monthly mean
temperature in the Washington, DC, area during June 2005–May

2006.33 Lam et al. reported from a study of age-specific effects of
meteorological factors on asthma hospitalization that adults were
most sensitive to temperature and that young children (<5 years
of age) were least sensitive.36 The higher asthma-related ED vis-
its on days with lower temperature might be the result of general
temperature effects on airway injury.37,38

However, our finding of much stronger negative association
of temperature with asthma ED visits on thunderstorm days than
non-thunderstorm days suggests that the association might be bet-
ter explained by the potential association of asthma exacerbation
with the thunderstorm-associated rapid temperature drop.5,39 This
sudden temperature drop results from a cooler downdraft during
thunderstorms and evaporative cooling after precipitation.9 A
case study in 1994 reported that increased asthma-related ED vis-
its 6 h after a thunderstorm in London, England, was associated
with the sudden temperature drop [14�F (7:8�C)].11 Emergency
calls in Melbourne, Australia, in 2016, spiked at seven times the
regular rate, 5 h after the sudden temperature drop [16:2�F
(9:0�C)] during a thunderstorm.26 Sudden temperature drops in
the airways can trigger asthma symptoms.40 A recent review
found that the effect of sudden temperature drops on an increased
risk of asthma attacks is stronger in lower latitude regions with
higher baseline temperature,35 which might be the case in
Louisiana. From our data, we observed a negative correlation
between precipitation rate and daily mean temperature on thun-
derstorm days. The larger sudden temperature drop during more
severe thunderstorms might have contributed to further lowering
the daily mean temperature.41
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Figure 2. Total number of parish-days with thunderstorms (N =15,179) in Louisiana by month and year, 2010–2012.
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Our finding that similarly strong associations of temperature
or precipitation with asthma ED visits were not observed for non-
thunderstorm days may indicate that the excessive asthma-related
ED visits associated with precipitation and temperature are likely
a piece of the thunderstorm asthma phenomenon. Crude attribut-
able fractions estimated from the RRs based upon other
research42 indicated that ∼ 11% more asthma ED visits could be
attributable to a 1-g=m2=s (3:6 mm=h) higher precipitation rate.
Further, ∼ 1% more asthma ED visits could be attributable, inde-
pendent of precipitation effect, to a 1°C lower daily average tem-
perature on the thunderstorm days during the study period.
Although we were unable to clearly tease out individual mecha-
nisms of thunderstorm asthma hypothesized by other researchers,

those hypothetical mechanisms discussed earlier agreed with the
findings from our population study in that a) the increase in
asthma-related ED visits may be the result of exposure to
increased concentrations of aeroallergens by precipitation and
lightning, or b) the meteorological condition itself, such as tem-
perature, may be also involved in the mechanisms. These higher
risks were observed mainly among children (<19 years of age)
and adults (19− <65 years of age), but not by older adults
(≥65 years of age). One possible explanation for this finding
could be different characteristics of asthma in older adult popula-
tions than children or younger adult populations (e.g., nonatopic
or neutrophilic asthma is more common in older adults).43 The
Melbourne event was also associated with an increase in ED
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visits among those 20–59 years of age. The Australian research-
ers noted that this finding deviated from their typical U-shaped
curve that is composed mainly of children and older adults.44

Another speculation is that older adults might have learned to
stay inside to prevent symptoms on thunderstorm days,
whereas children and younger adults might have been caught
off-guard and not near rescue inhalers, which could have pre-
vented their ED visits. Regardless of the reason, overwhelming
the health care system during severe weather with patients that
do not routinely seek ED care for their asthma could dispropor-
tionately affect some vulnerable populations. In the United
States, neighborhood poverty is associated with higher ED vis-
its and hospitalizations among children with asthma.45

The associations of precipitation and temperature with asthma
exacerbation on thunderstorm dayswere not carried over to the fol-
lowing non-thunderstorm day. This finding is consistent with the
report that seven times more emergency ambulance calls than nor-
mally expected occurred during a late afternoon thunderstorm
in Melbourne, Australia, in 2016.26 It is also consistent with the
15% higher rate of asthma-related ED visits in children on thunder-
storm days compared with non-thunderstorm days in the Ottawa
region, Canada, from 1993 through 1997.12,26 Thunderstorms in
the southern United States around the Gulf of Mexico frequently
occur in the afternoon.14 Further, a study of thunderstorm-related
asthma in London found a 3- to 6-h–lag effect on increased asthma-
related ED visits after a thunderstorm.11 Considering that a thun-
derstorm is usually a short-term phenomenon frequently occurring in
the afternoon, and that it may have several-hour–lag effect, the same-
day effects of thunderstorm-associated precipitation and temperature
on asthma-related EDvisits in our study seem to be justified.

We found a significant positive association of O3 with asthma-
related ED visits only on days without thunderstorms. We also
found a negative association between PM2:5 concentrations of
thunderstorm days and asthma-related ED visits of the next non-
thunderstorm days. This might be associated with precipitation
decreasing ambient PM during thunderstorms.39 A study reported
decreased fine PM of ∼ 1 lg=m3 on a thunderstorm day.41

However, O3 may increase lightning activity46 and dust particles
may modify the amount of precipitation through changing atmos-
pheric temperatures and concentrations of potential condensation
nuclei during thunderstorm formation.47

Our study used 68,800 parish-days in Louisiana, using high-
resolution NARR climate data for 3 y, allowing us to overcome the
limitations of previously published case or small-scale studies.
Although analyses of data with time-stamped thunderstorm events,
temperature drops, and precipitation, along with time-stamped
asthma-related ED visits, may provide stronger evidence of the
effects of thunderstorms on asthma exacerbation, such data would
be extremely difficult to obtain. Analysis of multiple state data sets
in different climate zones could help confirm similar effects of
thunderstorm-associated climate factors on asthma attacks in other
climate zones. Adding more years of health and climate data could
have increased the reliability of the study findings; however, add-
ing additional years would be an extremely time-intensive process.
In addition, the sample size (68,800 parish-days and 63,789
asthma-related EDvisits) used in our study provided enough power
to demonstrate the associations of meteorological conditions with
asthma-related ED visits by days with and without thunderstorms.
We could not obtain pollen or mold concentration data in
Louisiana for the study period because there were no such data
available for all parishes at the beginning of the study. In addition,
we acknowledge that there could be other man-made or natural
events (e.g., the well-known examples of soybean loading in the
NewOrleans harbor in the 1950s and 1960s) that can lead to spikes
in ED visits.48 Another limitation might be that we adjusted theT
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models for parish but did not consider actual geographic clustering
of meteorological factors that may differ by parish. We also note
that patients might be exposed to environmental triggers in multi-
ple locations, but geographic information in our data set was lim-
ited to residence, an inherent limitation of our ED visits data
source; discrepancies between asthma trigger and residence loca-
tion could have resulted in misclassification. However, these mis-
classifications in exposure were likely to be random, which might
have attenuated the effect size, implying the actual effects might
have been stronger without these misclassifications. However,
even with this potential attenuation, we identified significant asso-
ciations between temperature or precipitation and asthma-related
ED visits. Last, over the study period, tropical storms have affected
parishes in Louisiana during the summer months (May–
September; Figure 2), including Tropical Storm Bonnie and
Tropical Depression 5 in 2010, Tropical Storm Lee in 2011, and
Tropical Storm Debby and Hurricane Isaac in 2012.49 These tropi-
cal storms could have affectedmovement patterns of state residents
in the affected area as a result of voluntary or mandatory evacua-
tion, which might have changed the routine seasonal patterns of
exposures and asthmaED visits.

In conclusion, we found that a higher daily mean precipitation
rate and lower temperature on thunderstorm days were signifi-
cantly associated with the higher risks of asthma-related ED visits
in children and in adults, respectively, while we did not observe the
same strong associations during non-thunderstorm days. Asthma
exacerbations experienced by children and adults appeared to
occur the same day of the thunderstorm. This real-time phenom-
enon poses a particular challenge to public health practitioners in
being able to disseminate messaging related to thunderstorm
asthma. However, using meteorological (weather forecast) data to
predict high-risk days for thunderstorm asthma may be useful for
establishing early warning systems for people with asthma. Such
systems will help people with asthma be aware of the risks, take
precautions (such as staying indoors), and keep their rescue inhaler
medication handy. It will also help EDs, especially in hospitals in
metropolitan areas with large populations, be prepared for potential
spikes in asthma attacks on forecasted thunderstorm days with
heavy precipitation, lightning, and a large, sudden temperature
drop. During severe thunderstorm days, prudent measures—such
as sufficiently stocking emergency medication and supplies for
treating asthma—should be considered. In addition, based on our
results, we propose that established asthma surveillance systems
regularly collect meteorological and environmental information, in
addition to health information, to further the research into the indi-
vidual risk factors for thunderstorm asthma.
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