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Abstract

Rationale: With more frequent and intense precipitation events
across the globe due to a changing climate, there is a need to
understand the relationship between precipitation and respiratory
health. Precipitation may trigger asthma exacerbations, but little
is known about how precipitation affects lung function and
airway inflammation in early adolescents.

Objectives: To determine if short-term precipitation exposure is
associated with lung function and airway inflammation in early
adolescents and if ever having a diagnosis of asthma modifies
associations of precipitation with lung function and airway
inflammation.

Methods: In a prospective prebirth cohort, Project Viva, that
included 1,019 early adolescents born in the northeastern United
States, we evaluated associations of 1-, 2-, 3-, and 7-day moving
averages of precipitation in the preceding week and forced
expiratory volume in 1 second, forced vital capacity, and fractional
exhaled nitric oxide (FENO) using linear regression. We used log-
transformed FENO with effect estimates presented as percentage
change. We adjusted for maternal education and household income
at enrollment; any smoking in the home in early adolescence; child
sex, race/ethnicity, and ever asthma diagnosis; and age, height,

weight, date, and season (as sine and cosine functions of visit date)
at the early adolescent visit and moving averages for mean daily
temperature (same time window as exposure).

Results: In fully adjusted linear models, 3- and 7-day moving
averages for precipitation were positively associated with FENO
but not lung function. Every 2-mm increase in the 7-day moving
average for precipitation was associated with a 4.0% (95%
confidence interval, 1.1, 6.9) higher FENO. There was evidence
of effect modification by asthma status: Precipitation was
associated with lower forced vital capacity and higher FENO
among adolescents with asthma. We also found that outdoor
aeroallergen sensitization (immunoglobulin E against common
ragweed, oak, ryegrass, or silver birch) modified associations
of precipitation with FENO, with higher FENO in sensitized
adolescents compared with nonsensitized adolescents. The
associations of precipitation with FENO were not explained by
relative humidity or air pollution exposure.

Conclusions: We found that greater short-term precipitation
may trigger airway inflammation in adolescents, particularly
among those with asthma.
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As human-induced climate change drives
more frequent and intense precipitation
events across the globe, there is a need to
understand the relationship between
precipitation and respiratory health (1).
Yet, few studies have examined how
exposure to precipitation affects lung
function and airway inflammation in early
adolescents with and without asthma.

Precipitation, which encompasses all
water particles that fall from the atmosphere
to earth, including rain and snow, may
trigger asthma exacerbations, resulting in
increased risk of emergency department
visits and hospitalizations for children and
adults (2, 3). Although the exact mechanism
is unclear, rain can rapidly create conditions
conducive to mold formation and cause
pollen grain rupture and fungal spore release
within hours to days, all of which promote
airway inflammation (4–6).

We examined associations of short-term
precipitation with lung function and airway
inflammation in early adolescents living in
the northeastern United States, a region
projected to have the largest increase in
annual precipitation relative to other parts of
the country (7). We hypothesized that higher
levels of precipitation would be associated
with lower lung function and higher airway
inflammation and, furthermore, that these
associations would be greater among early
adolescents with asthma. Portions of these
results were presented in abstract form at
the 2022 American Thoracic Society
International Conference in San Francisco,
California, inMay 2022 (8) and at the 2022
International Society for Environmental
Epidemiology Conference in Athens, Greece,
in September 2022 (9).

Methods

Study Population
Study subjects were adolescents in a
longitudinal prebirth cohort, Project Viva,
based in easternMassachusetts (10). Mothers
were enrolled during pregnancy between
1999 and 2002 at Atrius Harvard Vanguard
Medical Associates, and then, postpartum,

children participated in up to six in-person
study visits, including one during the early
adolescent years (ages 11.9–16.6 yr), during
which medical history was obtained on the
basis of maternal report, including
respiratory medication use, and
measurements of spirometry and fractional
exhaled nitric oxide (FENO) were performed.
The early adolescent study visit is the first one
to measure both spirometry and FENO, which
is why it was chosen for this study. Children
whomoved away from the northeastern
United States during the course of the study
continued to be followed, and their exposure
data were updated on the basis of their new
address. We included in the present analyses
children who participated in the early
adolescent visit and had exposure data and
either spirometry (n=972) or FENO (n=923)
measurements: 1,019 early adolescents had
exposure data and either spirometry or FENO
or both. All mothers provided written
informed consent for themselves and their
children, and early adolescents provided
verbal assent. The study was approved by the
institutional review board of Beth Israel
Deaconess Medical Center.

Demographic and Questionnaire Data
We obtained demographic andmedical
history data from questionnaires and
interviews. Child asthma history was
reported by mothers at the early adolescent
study visit. We asked if the adolescent had
ever been diagnosed with asthma by a doctor,
had used asthmamedications in the past
year, or had wheezing symptoms in the past
year. Current asthma was defined as having a
prior diagnosis of asthma plus wheezing
symptoms or use of asthmamedications in
the past year. For our analyses, we defined
ever asthma as having either a prior diagnosis
of asthma or a current diagnosis of asthma.
Child race/ethnicity (Asian, Black, White,
Hispanic, or other) was based onmother-
reported responses during a study visit in
early childhood. The inclusion of race and
ethnicity, which are social constructs without
biological meaning, as variables in analyses
are meant to help identify inequities
and disparities rather than attribute

pathophysiological differences to racial
groups. Measures of socioeconomic status
included in our analyses were self-reported
annual household incomemore than USD
$70,000 andmaternal college graduation
(yes vs. no) at enrollment. Household
tobacco use was defined as the presence
or absence of anyone in the child’s home who
smokes, based on questionnaire responses in
early adolescence.

Exposure Assessment
Spatially and temporally resolved daily
precipitation measurements are based on the
PRISM (Parameter-elevation Relationships
on Independent Slopes Model), an 800-m
resolution climate dataset for the United
States maintained by Oregon State University
(11). Participant residential addresses were
geocoded and linked to the exposure data.
We define precipitation as daily precipitation
measured in millimeters, with exposure
periods defined as the day before the study
visit and the 2-, 3-, and 7-day moving
averages of precipitation preceding the study
visit. Moving averages are defined as the total
precipitation over the specified time period
preceding the study visit divided by the
specified time period (e.g., the 7-d moving
average is the total amount of precipitation
over the preceding 7 d, divided by 7), similar
to prior published work in this cohort (12).
For analyses incorporating air pollution, we
used modeled daily air pollution data
generated using machine learning algorithms
developed at the Harvard School of Public
Health on the basis of neural network,
gradient boosting, and random forest with
integrated satellite data, land-use data, and
chemical transport model outputs for fine
particulate matter with an aerodynamic
diameter<2.5 μm (PM2.5), nitrogen dioxide
(NO2), and ground-level ozone (O3) on a
13 1–km resolution (13–15).

Lung Function Measurement in Early
Adolescence
Trained research assistants obtained forced
vital capacity (FVC) and forced expiratory
volume in 1 second (FEV1), measured
in liters, using the EasyOne Spirometer
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(nddMedical Technologies) in accordance
with the American Thoracic Society
guidelines for acceptability and
reproducibility (16). Each child had to
produce at least three acceptable spirograms,
two of which had to meet criteria for
reproducibility, defined as a<0.150-L
difference between the two largest FEV1

values and the two largest FVC values, for
inclusion.

Exhaled Nitric Oxide Measurement in
Early Adolescence
FENO concentration, a marker of eosinophilic
airway inflammation, was measured twice
for each participant with a portable handheld
electrochemical device (NIOXMINO)
validated by the clinical standard
chemiluminescence FENO analyzer (17, 18).
To avoid ambient nitric oxide (NO)
measurement, participants were instructed
to inhale through an NO scrubbing filter and
exhale into room air on two efforts. On the
third breath, participants exhaled into the
FENO analyzer. Only the last 3 seconds of
exhalation were used to ensure lower rather
than upper airway measurements of NO.
Nose clips were not used. Mean FENO was
calculated as the mean of two efforts and
logarithmically transformed because of

nonnormality, consistent with prior
published work by this group (19). Effect
estimates for log-transformed FENO are
presented as percentage change, calculated
as (eb2 1)3 100.

Aeroallergen Sensitization
Measurement in Early Adolescence
Allergen extract–specific immunoglobulin E
(IgE) antibodies were measured by
ImmunoCap (Thermo Fisher Scientific/
Phadia) in a subset of participants at the early
adolescent study visit (20, 21). We defined
outdoor aeroallergen sensitization as having
any IgE.0.35 IU/ml against Betula pendula
(silver birch tree),Quercus (oak tree), Lolium
(ryegrass), andAmbrosia artemisiifolia
(common ragweed), similar to prior studies
(19, 22). We defined indoor aeroallergen
sensitization as having any IgE.0.35 IU/ml
againstDermatophagoides farina (dust mite),
cat dander, dog dander, Aspergillus fumigatus
(a ubiquitous airborne fungus), and
Alternaria alternata (a fungus found in
plants and soil).

Statistical Analysis
Potential confounders and predictors of
outcome were selected a priori on the basis of
published and anticipated associations with

our outcomes (lung function and FENO) and
our exposure of interest (precipitation).
Primary models were adjusted for predictors
of lung function, including sex; age; height;
weight; and 1-, 2-, 3-, and 7-day moving
averages of mean daily temperature
matching the precipitation exposure time
window.We also adjusted for maternal
education and household income at
enrollment, any smoking in the home in
early adolescence, race/ethnicity, ever asthma
diagnosis, date of visit, and season (as sine
and cosine functions of visit date) at the early
adolescent visit. We performed sensitivity
analyses also adjusting for the 1-, 2-, 3-, and
7-day moving averages of the air pollutants
PM2.5, NO2, and O3.We also performed
sensitivity analyses also adjusting for 1-, 2-,
3-, and 7-day moving averages of relative
humidity matching the precipitation
exposure time window.

We analyzed associations of 1-, 2-, 3-,
and 7-day moving averages of precipitation
preceding the study visit with FEV1, FVC,
and FENO by linear regression.We evaluated
the linearity of each association by plotting
generalized additive mixed models with
penalized splines. We tested if associations
of precipitation with lung function and
airway inflammation were modified by ever
asthma diagnosis, season of testing,
aeroallergen sensitization (indoor and
outdoor aeroallergens), and sex using
interaction terms.

All measures of association are reported
as b-coefficients with a 95% confidence
interval (CI). A two-sided P value less than
0.05 was used for statistical significance for
main effects. A two-sided P value less than
0.10 was used to assess interaction in effect
modification analyses. All analyses were
performed using R (R Foundation for
Statistical Computing) (23).

Results

Participant characteristics are summarized in
Table 1. This cohort is evenly balanced by sex
(49.7% female), with a slight majorityWhite
race/ethnicity (64.4%), and with highmaternal
education on average (71.7% with college
degree) and low rates of household smoking
(11.4%). A proportion of 26.1% of participants
had a history of asthma. A subset of
participants had aeroallergen IgE
measurement (n=638), and of those, 58.0%
of participants had aeroallergen IgE.0.35
IU/ml, suggesting aeroallergen sensitization.

Figure 1. Generalized additive model with 3 degrees of freedom for the association of 7-day
moving average for precipitation (millimeters) and difference in log FENO (parts per billion).
Dotted lines represent 95% confidence interval. Black shading on x-axis reflects density of
observations. Generalized additive model was adjusted for maternal education and household
income at enrollment; any smoking in the home in early adolescence; child sex, race/ethnicity,
and ever asthma diagnosis; and age, height, weight, date, and season (as sine and cosine
functions of visit date) at the early adolescent visit and 7-day moving average for mean daily
temperature (same time window as exposure). FENO= fractional exhaled nitric oxide.
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Themedian daily precipitation was
2.0mm (interquartile range, 4.0mm;
minimum, 0mm;maximum, 27.3mm) for
the 7days preceding the study visit. The mean
(standard deviation) FENO was 25.9 (26.9)
parts per billion (ppb), and 11.8% of the early
adolescents with FENOmeasurements had
FENO levels above the upper limits of normal
(35ppb for age younger than 12 and 50ppb
for ages 12 and older) (24).

Themain associations of precipitation
withmeasurements of FENO and lung function
are shown in Table 2. The 3- and 7-day
moving averages for precipitation were
associated with a higher FENO (Figure 1).
Associations were largely unchanged with
adjustment for air pollutants PM2.5, NO2, and
O3 in sensitivity analyses (Table E1 in the data
supplement). Associations were also unchanged
when also adjusting for relative humidity.

By tertile of precipitation, low (,5mm),
medium (5–10mm), and high (.10mm),
we found that exposure tomedium levels
of precipitation relative to low levels of
precipitation on the day preceding study visit
was associated with a 153.2ml lower FVC (95%
CI,2252.9 to253.5) among early adolescents.
Exposure to high levels relative to low levels of
precipitation on the day preceding study visit
was associated with a 42.7-ml lower FVC (95%
CI,2165.7 to 80.3) in early adolescents.

Associations of precipitation with lung
function and FENO differed by asthma status
(Table 3). Associations between precipitation
and FENO were more positive in early
adolescents with asthma compared with the
overall study population. Early adolescents
with asthma had a 5.8% (95% CI, 1.8–9.9)
higher FENO per 2-mm increment in 3-day
moving average of precipitation as compared
with early adolescents without asthma, who
had a 1.0% (95% CI,21.2 to 3.2) higher
FENO (Pinteraction = 0.04). We also found lower
FVC in adolescents with asthma than in
adolescents without asthma (Pinteraction, 0.1)
in association with precipitation: Per 2-mm
increment in 1-daymoving average for
precipitation, FVCwas 15.6ml lower (95% CI,
228.1 to23.1) with similar direction in effect
estimates for both FEV1 and the other moving
averages for precipitation. In adolescents
without asthma, there was a similar direction
in the associations for FEV1 and FVC across
the different moving averages.

We also found that outdoor
aeroallergen sensitization (IgE against
common ragweed, oak, ryegrass, or silver
birch), but not indoor aeroallergen
sensitization (IgE against dust mite, cat
dander, dog dander,Aspergillus fumigatus,
Alternaria alternata), modified associations
of precipitation with FENO: Per 2-mm
increment in 3-day moving average for
precipitation, there was a 5.1% (95% CI,
0.9–9.5) higher FENO in sensitized
adolescents compared with 0.7% (95% CI,
21.9 to 3.4) higher FENO in nonsensitized
adolescents (Pinteraction = 0.8) (Table E2).
Outdoor and indoor aeroallergen
sensitization did not modify associations
of precipitation with lung function
(Pinteraction. 0.1 for all moving averages).
Associations did not differ by season of testing
(Pinteraction. 0.1 for all moving averages).

Participant sex modified the association
of precipitation on FEV1, FVC, and FENO
at different moving averages (Table E3).
The association of 7-day moving average of
precipitation with FENO was greater among

Table 2. Associations of precipitation (per 2 mm per day) at home address with
fractional exhaled nitric oxide and lung function in early adolescence

Precipitation
Moving Averages

Difference in
FENO (95% CI)

Difference in
FEV1 (ml) (95% CI)

Difference in
FVC (ml) (95% CI)

1 d 0.1% (21.1 to 1.4) 1.7 (24.7 to 8.0) 0.7 (26.0 to 7.4)
2 d 1.5% (20.2 to 3.2) 3.0 (25.8 to 11.8) 2.9 (26.4 to 12.3)
3 d 2.1% (0.2 to 4.0)* 3.6 (26.5 to 13.6) 2.3 (28.3 to 12.9)
7 d 4.0% (1.1 to 6.9)* 0.5 (214.4 to 15.4) 0.5 (215.2 to 16.3)

Definition of abbreviations: CI = confidence interval; FENO= fractional exhaled nitric oxide;
FEV1= forced expiratory volume in 1 s; FVC= forced vital capacity.
Linear regression models are adjusted for maternal education and household income at
enrollment; any smoking in the home in early adolescence; child sex, race/ethnicity, and ever
asthma diagnosis; age, height, weight, date, and season (as sine and cosine functions of visit
date) at the early adolescent visit; and moving averages for mean daily temperature (same
time window as exposure).
*P, 0.05.

Table 1. Characteristics of study participants (N=1,019)

Characteristic Mean6SD or %

Female sex 49.7%
Age, yr 13.26 0.9
Height, cm 159.96 9.0
Weight, kg 54.16 14.8
Race/ethnicity
Asian 2.8%
Black 16.1%
Hispanic 4.5%
White 64.4%
Other 12.1%

Ever asthma diagnosis 26.1%
Medication use to treat breathing problems in previous 3 d 4.1%
Aeroallergen sensitization* 58.0%
Any smoking in the home in early adolescence 11.4%
Maternal college degree at enrollment 71.7%
Annual household income .$70,000 at enrollment 64.3%
Season of early adolescent visit
Winter 22.7%
Spring 23.2%
Summer 28.0%
Autumn 17.8%

Spirometry
FEV1, L 2.86 0.6
FVC, L 3.36 0.7
FENO, parts per billion 25.96 26.9

Definition of abbreviations: FENO= fractional exhaled nitric oxide; FEV1= forced expiratory
volume in 1 s; FVC= forced vital capacity; SD=standard deviation.
*Aeroallergen sensitization is defined as having immunoglobulin E against indoor and outdoor
allergens using a cutoff of 0.35 IU/ml; 381 participants did not have aeroallergen data.
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females (6.9% [95% CI, 2.7–11.3] higher
FENO per 2-mm precipitation) than among
males (1.4% [95% CI,22.5 to 5.3] higher
FENO per 2-mm precipitation).

Discussion

In this cohort of adolescents living in the
northeastern United States unselected for
the presence of asthma, an increase in
precipitation over the preceding 7 days was
associated with airway inflammation, as
measured by exhaled NO, with larger
associations seen in those with asthma.
The associations were not explained by
relative humidity or air pollution exposure.

Few studies have described associations
of precipitation with lung function and
airway inflammation, especially in healthy
children, instead focusing on children and
adults with asthma. Two studies in England
offer conflicting results, with one study
finding that preceding day rainfall was
associated with hospitalization for asthma
in children and another study finding no
association between rainfall and asthma
hospitalization in children and adults (5, 25).

A U.S.-based study inMaryland found that
extreme precipitation events, defined as
levels above the 90th percentile relative to a
historical baseline, were associated with
increased risk of hospitalization for asthma,
though in the age 5–17 years subgroup, this
association was not significant (3). There is
a growing body of literature describing
exposure to thunderstorms and tropical
cyclones, during which heavy precipitation
can occur, and increased risk of
hospitalization for respiratory disease
(26–28). In particular, thunderstorm events
such as the one that occurred in November
2016 inMelbourne, Australia, and led to
thousands of emergency department visits
for asthma and 10 deaths, have prompted
investigations into what is now termed
“thunderstorm asthma” (28, 29). Evaluating
whether the presence of rain during a
thunderstorm affects asthma, a study found
thunderstorms with rain, and not those
without rain, increased the risk of asthma
emergency department visits (2).

Pollen is often implicated as a key
mechanism in thunderstorm asthma. Heavy
rain and lightning rupture pollen grains
into small, easily inhaled particles and

wind widely transports the particles (29).
Supporting the hypothesis that pollen is
a potential mediator in rain-associated
health effects, we found that aeroallergen
sensitization to different species of grass,
tree, and weed plants amplified associations
of precipitation with airway inflammation.
However, results for pollen from prior
studies have beenmixed, with some finding
higher risk of asthma exacerbation during
thunderstorms with high pollen and others
finding either lower risk or no difference in
asthma exacerbations in relation to high
pollen concentrations (30–33). Thus, if
not pollen, these studies also suggest mold
formation may be a risk factor for asthma
exacerbation after a thunderstorm.
In addition, exposure to fungal spores is
associated with lower lung function in
children with asthma (34). In the context of
our findings, which demonstrate associations
of precipitation with airway inflammation
for the longer moving averages, mold or
fungus exposure may be a more plausible
mediator. Unlike pollen fragment
concentrations, which spike immediately
after rainfall and then dissipate, mold and
fungus concentrations may peak after
3–7days (35, 36). However, we did not
find that indoor aeroallergen sensitization,
which included IgE againstAspergillusmold,
modified associations of precipitation with
lung function or airway inflammation.
Another potential mechanism by which
precipitation may cause airway inflammation
is through sulfuric acid, or “acid rain.”
A controlled human exposure study exposed
participants to sulfuric acid water droplets and
found increases in lower respiratory symptoms
in both healthy subjects and participants with
asthma and decreases in lung function in
participants with asthma after exposure to
acidic water droplets (37).Whether the
associations we find are related directly to
precipitation exposure or through an associated
exposure (e.g., aeroallergen) is unknown and
warrants further investigation, including
human controlled exposure experiments.

Medium levels (5–10mm) of
precipitation relative to low levels of
precipitation (,5mm) were associated with
lower lung function with similar direction
in the effect for high levels of precipitation
relative to low levels. The lack of a clear
dose response may be related to changes in
behavior. (High precipitation periods may
cause adolescents to spend more time
inside.) Alternatively, if precipitation effects
on lung health are mediated through

Table 3. Associations of precipitation (per 2 mm per day) at home address with
airway inflammation measured by FENO and lung function measured by forced
expiratory volume in 1 s and forced vital capacity in early adolescence, by ever
asthma diagnosis

Precipitation
Moving
Averages

Difference in FENO, FEV1, or FVC (95% CI)

With History of
Asthma

Without History of
Asthma Pinteraction

FENO
1 d 0.1% (22.1 to 2.2) 0.2% (21.3 to 1.7) 0.93
2 d 3.2% (0.0 to 6.6) 0.8% (21.1 to 2.8) 0.22
3 d 5.8% (1.8 to 9.9) 1.0% (21.2 to 3.2) 0.04*
7 d 6.4% (1.4 to 11.6) 2.7% (20.7 to 6.3) 0.24

FEV1, ml
1 d 24.0 (215.9 to 7.9) 3.9 (23.6 to 11.5) 0.27
2 d 212.2 (229.4 to 4.9) 8.4 (21.8 to 18.6) 0.04*
3 d 213.0 (233.5 to 7.5) 8.8 (22.7 to 20.2) 0.07*
7 d 26.2 (233.6 to 21.3) 3.3 (214.4 to 21.0) 0.57

FVC, ml
1 d 215.6 (228.1 to 23.1) 7.2 (20.7 to 15.1) ,0.01*
2 d 216.2 (234.3 to 1.9) 9.7 (21.1 to 20.5) 0.02*
3 d 216.6 (238.3 to 5.0) 8.2 (24.0 to 20.3) 0.05*
7 d 26.2 (235.2 to 22.8) 3.3 (215.4 to 22.0) 0.59

Definition of abbreviations: CI = confidence interval; FENO= fractional exhaled nitric oxide;
FEV1= forced expiratory volume in 1 s; FVC= forced vital capacity.
Linear regression models are adjusted for maternal education and household income at
enrollment; any smoking in the home in early adolescence; child sex, race/ethnicity, and ever
asthma diagnosis; age, height, weight, date, and season (as sine and cosine functions of visit
date) at the early adolescent visit; and moving averages for mean daily temperature (same
time window as exposure).
*Pinteraction, 0.1.
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bioaerosols, it is possible that medium levels
of precipitation are more conducive for mold
or fungus formation or pollen grain rupture,
whereas high levels of precipitation either
“drown” the source of the bioaerosol or
“wash” it from the air.

We also found that asthma diagnosis
modifies the association of precipitation
with lung function. At shorter precipitation
moving averages, adolescents with asthma
had a lower FVC, and adolescents without
asthma had a higher FVC in association
with precipitation. These differences in the
direction of association by asthma status
were also seen for longer moving averages
and with FEV1. Although it is somewhat
surprising to find that precipitation was
associated with worse lung function in early
adolescents with asthma but higher lung
function in early adolescents without asthma,
this finding is plausible based on physiologic
and controlled exposure studies on humidity.
Humidified air has been shown to improve
lung function in healthy young adults
(38, 39), whereas in children and young
adults with asthma, moist air can worsen
lung function (40, 41). In a controlled human
inhalation-exposure study in mostly young
adults, asthma status modified responses to
humidified air (41). Although young adults
with asthma had an increase in airway
resistance with hot humidified air, young
adults without asthma had no significant
increase in airway resistance, which the
authors postulate may be explained by
differences in activation of bronchopulmonary
C-fiber sensory nerves and their relation
to airway inflammation. If the differential
susceptibility we describe is being driven
not by precipitation but by an associated
exposure (e.g., mold, pollen, or fungal
spores), it is possible that adolescents with
asthma develop airway hyperresponsiveness
from these associated exposures without
experiencing the benefits of higher air
moisture content on lung function.
Controlled exposure experiments are
needed to verify the direct effects of

humidity and precipitation on airway
inflammation, especially in those with
asthma, and to test for interactive effects
of concurrent pollutant exposures.

We observed sex differences in
associations between precipitation and
lung function and airway inflammation.
At shorter moving averages, exposure to
precipitation was associated with lower lung
function in females than in males, whereas
at longer moving averages, the trend was
reversed: Longer moving averages of
precipitation were associated with lower lung
function in males than in females. In females,
the association of 7-day precipitation with
higher FENO was of greater magnitude than
in males. It is unclear what is driving these
sex differences. One potential explanation
may relate to sex hormone differences, which
have been shown to alter lung function in
adolescents with asthma andmay also alter
the airway response to precipitation and
associated exposures (42). Behavioral sex
differences, such as time spent outdoors,
may be another explanation because male
children generally spendmore time outdoors
than female children (43). FENO and
spirometry measure different aspects of
pulmonary physiology; thus, discrepancies
in the spirometry and FENO responses to
precipitation among females compared with
males are plausible (44).

Our study has a number of strengths.
We included adolescents from a large,
well-phenotyped cohort study. Our exposure
estimates include high-resolution modeled
precipitation on an 8003 800–m scale.
Unlike researchers in many studies that
usedmeasured air pollution concentrations
from central site monitors, we adjusted for air
pollution using validated spatially and
temporally resolvedmodels to estimate home
address concentrations.We further adjusted
for a comprehensive set of potential individual
and family confounders and predictors of
lung function and airway inflammation.

Our study has several limitations.
Because of geographic differences in

precipitation, our results may not be
generalizable to other regions of the country.
In addition, we assigned precipitation
exposure to home addresses to estimate
individual exposure, though this may not
reflect actual exposure to precipitation. Our
ability to detect differences in spirometry and
FENO in subgroup analyses of adolescents
with asthma is limited by the smaller
sample size (n= 292), and we were unable
to assess for differences in asthma
symptoms and medication use in this
subgroup. Exposure to pollen and mold was
not evaluated in this study and may mediate
the associations between precipitation
exposure and both lung function and
FENO that we identified. There remains
uncertainty whether pollen and other
bioaerosols, such as fungi and mold, are
mechanistically involved in associations
between precipitation and airway
inflammation. This warrants further
investigation, especially among those with
asthma and aeroallergen sensitization.

In the Northeast, increases in annual
total precipitation and extreme precipitation
events are expected in the future as a result
of climate change (45, 46). Determining if
differences in exposure to precipitation are
associated with acute changes in lung function
and airway inflammation, especially in higher-
risk groups such as asthma, will inform public
health measures andmay provide valuable
information for counseling families about the
risks of environmental exposures.

Conclusions
Greater short-term precipitation may trigger
airway inflammation in adolescents,
particularly among those with asthma.�
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