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A B S T R A C T

Asthma and allergic rhinitis (or hay fever) are ubiquitous, chronic health conditions that seasonally affect a
sizeable proportion of the population. Both are commonly triggered or exacerbated by environmental conditions
including aeroallergens, air quality and weather. Smartphone technology offers new opportunities to identify
environmental drivers by allowing large-scale, real-time collection of day-to-day symptoms. As yet, however,
few studies have explored the potential of this technology to provide useful epidemiological data on environ-
ment-symptom relationships. Here, we use data from the smartphone app ‘AirRater’ to examine relationships
between asthma and allergic rhinitis symptoms and weather, air quality and pollen loads in Hobart, Tasmania,
Australia. We draw on symptom data logged by app users over a three-year period and use time-series analysis to
assess the relationship between symptoms and environmental co-variates. Symptoms are associated with par-
ticulate matter (IRR 1.06, 95% CI: 1.04–1.08), maximum temperature (IRR 1.28, 95% CI: 1.13–1.44) and pollen
taxa including Betula (IRR 1.04, 95% CI: 1.02–1.07), Cupressaceae (IRR 1.02, 95% CI: 1.01–1.04), Myrtaceae
(IRR 1.06, 95% CI: 1.02–1.10) and Poaceae (IRR 1.05, 95% CI: 1.01–1.09). The importance of these pollen taxa
varies seasonally and more taxa are associated with allergic rhinitis (eye/nose) than asthma (lung) symptoms.
Our results are congruent with established epidemiological evidence, while providing important local insights
including the association between symptoms and Myrtaceae pollen. We conclude that smartphone-sourced data
can be a useful tool in environmental epidemiology.

1. Introduction

Allergic rhinitis (or hay fever) and asthma are two of the most
common chronic inflammatory respiratory diseases worldwide
(Pawankar et al., 2013). Their incidence and prevalence are shaped by
a complex interaction of genetic, environmental and lifestyle risk fac-
tors (Fernandez et al., 2008; Abe et al., 2009; Makra et al., 2015; Wang
et al., 2016; Barnish et al., 2017). Clinical symptoms fluctuate both day
to day and seasonally, with these fluctuations depending on the severity
of the illness, management interventions such as the use of asthma or
allergy medications, and the presence of symptom triggers (Reddel
et al., 2015). Many environmental factors including changes in air

temperature, humidity, respiratory viral illnesses, air pollution, air-
borne pollen and other aeroallergens can precipitate or worsen symp-
toms (Chen et al., 2006; Díaz et al., 2007; Kim et al., 2008; Medek et al.,
2012; Makra et al., 2015; Davies et al., 2016; James et al., 2018).

Understanding which environmental conditions act as triggers can
inform symptom management on both an individual and a population
scale. Yet symptom-environment relationships are contingent on both
individual and local geographical context, and untangling the complex
mixture of interacting factors is challenging: for example, meteor-
ological factors such as temperature, rainfall and humidity can both
directly influence respiratory symptoms, as well as mediate other en-
vironmental determinants of symptoms, such as air quality and
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airborne pollen concentrations (Heinrich and Wichmann, 2004; Kim
et al., 2008; Soyiri et al., 2013; Makra et al., 2015; Medek et al., 2015;
Damialis et al., 2019). Air quality can act as both an adjuvant or am-
plify pollen allergenicity (D'Amato et al., 2010; Reinmuth-Selzle et al.,
2017), while individuals may be sensitised to multiple (potentially co-
occurring and/or cross-reactive) pollen types (Bastl et al., 2018).

Comprehensive, place-based studies incorporating multiple poten-
tial environmental stressors are critical if we are to (i) understand how
these interacting factors drive asthma and allergic rhinitis symptoms;
and (ii) provide sufferers with the information needed to minimise their
exposure. Such holistic studies, however, remain limited in number and
are frequently based on routinely collected health system data, such as
hospital admissions and emergency department presentations (e.g.
Atkinson et al., 2015; Osborne et al., 2017). While important, such high
severity outcome measures fail to capture the most ubiquitous burden
of asthma and allergic rhinitis: day-to-day symptoms that impact health
and quality of life, but rarely lead to hospital or primary care pre-
sentations.

Smartphone technology provides new opportunities to fill this gap.
In addition to supporting patient self-management (e.g. see Bousquet
et al., 2019; Sleurs et al., 2019; Tan et al., 2019), smartphone health
applications (‘apps’) can act as an epidemiological tool by collecting
geo-located individual symptom reports in real-time. The ease of
smartphone logging means that this method imposes a low burden on
participants, can achieve high recruitment, and may support the col-
lection of crowd-sourced symptom data on a large scale over periods of
several years (Johnston et al., 2018; Chan et al., 2018; Ambrosini et al.,
2018). While not without challenges—including selection, retention
and reporting bias—a recent US validation study found coherent epi-
demiological trends that support the validity of asthma-related data
obtained via crowd-sourcing app-based methods (Chan et al., 2018).
The web and app-based ‘Patient's Hayfever Diary’ has also provided
useful insights into relationships between hay fever symptoms and
pollen dynamics in Europe (e.g. Bastl et al., 2014; Kmenta et al., 2016;
Bousquet et al., 2017; Bastl et al., 2018).

Here we exploit this emerging technology to evaluate associations
between meteorology, air quality and multiple pollen taxa with re-
spiratory symptoms in Tasmania, Australia. Despite having amongst the
highest rates of allergic respiratory disease globally (Australian
Institute of Health and Welfare and Australian Bureau of Statistics,
2017), empirical evidence regarding asthma and allergy triggers in
Australia remains scarce. In part, this reflects the challenges of a his-
torical paucity of aerobiological monitoring (Haberle et al., 2014), poor
air quality monitoring coverage, and the lack of diagnostic antigens for
evaluating sensitisation to endemic plant species (Cook et al., 2007).
Overall, this means that understandings of respiratory symptom drivers
in Australia are in their infancy compared to much of the rest of the
developed world.

This study draws on symptom data from the smartphone app,
‘AirRater’ in order to:

i. Provide new knowledge about the triggers of symptoms of asthma
and allergic rhinitis in Australia; and

ii. Advance understandings of the utility of crowd-sourced app data in
epidemiological studies of respiratory disease.

In this paper, we combine the symptoms logged by AirRater app
users with environmental data to test the hypothesis that eye, nose and
lung symptom reports from the app are associated with daily atmo-
spheric environmental conditions (air pollution, pollen and meteor-
ological conditions). The research was approved by the Tasmanian
Health and Medical Human Research Ethics Committee (Reference
number: H0015006).

2. Materials and methods

2.1. The AirRater smartphone app

AirRater (https://airrater.org/) was launched in October 2015.
Described in detail in Johnston et al. (2018), AirRater is an integrated
system that tracks exposure to air particles (PM2.5), aeroallergens and
temperature and communicates these to app users via interpolated
maps. The primary aim of the app is to communicate environmental
conditions that may trigger respiratory symptoms in vulnerable in-
dividuals as a public service, rather than to act as a coaching tool for
clinical self-management (cf. Bousquet et al., 2018; Sleurs et al., 2019).
The app also allows individuals to report their symptoms in real-time,
collecting information on symptom location (eyes, nose or lungs) and
severity. These symptom reports are archived with co-located exposure
estimates, providing a novel database for epidemiological research.

The app is a public resource and freely available. It can be used by
anyone although users are invited to register as study participants.
Study participants are asked to provide some of their medical history
and are blinded to environmental conditions until they have submitted
a symptom report. They also receive a reminder prompt to log their
symptoms every six days.

About 20% of people who download the app register as study par-
ticipants. However, this group provides the vast majority of symptom
reports (approximately 80%). A significant majority of these registered
study participants identify as having allergic rhinitis, asthma or both
(Johnston et al., 2018). This means that the app is mostly used by (and
most symptom reports come from) the target group for whom the
AirRater service was developed.

The app is set up to enable users to report information about
symptoms commonly associated with exacerbations of allergic rhinitis
and asthma rapidly and easily. The data collected are adapted from the
Control of Allergic Rhinitis and Asthma Test (CARAT) (Azevedo et al.,
2013). If a user wants to report symptoms they are taken to a screen and
asked to identify the region affected (Eye, Nose, Lungs or Other). They
are then able to specify the symptom or absence of particular symptoms
for each region affected, and report the severity of that symptom (mild,
moderate or severe, as an optional field to minimise reporting burden).
They are taken to further screen where medication use is collected. The
symptom data collection protocol is detailed fully in Section A1, Ap-
pendix A.

2.2. Symptom and environmental data

This paper evaluates associations between environmental condi-
tions and symptom reports relating to the eyes, nose and lungs logged
by AirRater app users located in Hobart, Tasmania (Fig. 1, population
204,000) over the first three years of the app's operation (October 29,
2015–October 29, 2018). Symptom reports were collected via the app
as detailed in Section 2.1; and we sourced meteorological and air
quality data from the Environment Protection Authority (EPA) of Tas-
mania's air quality monitoring network, known as the Base Line Air
Network of EPA Tasmania (BLANkET). BLANkET stations measure
particulate matter less than 2.5 μm in aerodynamic diameter (PM2.5)
using a DustTrak optical analyser; the stations also sample air tem-
perature, relative humidity, precipitation, barometric air pressure, wind
speed and wind direction every 10 min. The network does not measure
gaseous pollutants because these occur at negligible levels in Tasmania
and are therefore not routinely monitored by the Environment Protec-
tion Authority. For this study we aggregated meteorological and air
quality data from the Hobart BLANkET station into daily observations
including: rainfall (mm), maximum and minimum temperature (°C),
mean relative humidity (percentage), and daily average concentration
of PM2.5 (μg/m3). The pollen data were collected by our team using a
Hirst-type volumetric spore trap (Burkard Manufacturing) fitted with a
24-h head using methods described in Johnston et al. (2018). The trap
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is located on the roof of the Sandy Bay campus, University of Tasmania
and we collected daily pollen concentrations for 27 pollen taxa and one
fungal spore (Alternaria, for all monitored taxa see Table A1).

2.3. Statistical analysis

We used time-series analysis to assess the association between
symptoms and environmental conditions; specifically a negative bino-
mial regression model because the distribution of the daily symptom
counts was over-dispersed. We used the seven-day moving average of
active users as an offset term to account for the shifting size of the app
user base, which can fluctuate significantly day to day (Salathé et al.,
2012). For this purpose, we defined an ‘active user’ as anyone who had
interacted with the application in the previous seven days (regardless of
whether they reported symptoms or not). We removed duplicate reports
of the same symptom type by a single user on a single day so that the
outcome measure for each individual was binary (symptoms or no
symptoms on that day). Our overall model outcome measure was thus
the daily proportion of active users reporting at least one symptom.
Throughout this paper we refer to this as the ‘symptom reporting rate’.

We assessed the association between the symptom reporting rate
and the following co-variates: daily maximum and minimum tempera-
ture, rainfall, average relative humidity, PM2.5, and the atmospheric
concentration (grains per m3) of pollen. We adjusted for potential
confounding by public holidays and day of week, as behaviour and
exposure to environmental conditions can vary between working and
non-working days (Kim et al., 2008; Chen et al., 2016).

We implemented a seasonally stratified subgroup analysis (spring/
summer vs autumn/winter) to assess the impact of seasonal variations
in environmental conditions and user behaviour. The spring/summer
analysis included the months from September–February and the au-
tumn/winter analysis from March–August. In these analyses, only
pollen taxa contributing at least 5% of the pollen load in the relevant
time period were included. We implemented a separate second strati-
fied analysis to investigate differences in environmental associations

between symptom reports related to the eyes/nose (more likely to be
associated with allergic rhinitis) and those related to the lungs (more
likely to be associated with asthma).

We conducted additional analyses to evaluate the sensitivity of our
results to:

1. The definition of the active user base. These analyses explored the
impact of defining the active user base over different time periods
from 7 to 28 days (defining an active user as anyone who had in-
teracted with the application over that time period, whether re-
porting symptoms or not). The choice of time period did not
meaningfully impact the results (see Table A3); for our main ana-
lysis we opted to use the 7-day window as this most accurately re-
flected the sometimes sharp fluctuations in user numbers (for ex-
ample, in response to media reports).

2. The inclusion or exclusion of anonymous users in our analysis. As
noted in Section 2.1, AirRater users may choose to use the app
anonymously or to register as study participants. Study participants
only are blinded to environmental conditions before symptom re-
porting: anonymous users are free to see the environmental condi-
tions at any time. To test whether knowledge of environmental
conditions introduced bias, we conducted a sensitivity analysis of
registered (ie. blinded) users only. The results were very similar (see
Table A4), we therefore retained symptom reports from all users in
the analysis to maximise power.

We also performed a range of diagnostic evaluations; this included
investigating quantile-quantile (QQ) and residual density distributions
for abnormalities. All diagnostic tests were satisfactory (see Figures A1-
A3).

For ease of interpretation, results are presented as the unit increase
in the symptom reporting rate per 10 °C increase in temperature,
10 mm increase in rainfall, 10% increase in relative humidity, 10 μg/m3

increase in PM2.5 and 10 grains/m3 in pollen concentration. All ana-
lyses were performed in R version 3.4.4 (R Development Core Team,

Fig. 1. Map showing the location of Hobart, Tasmania, Australia.
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Fig. 2. Meteorological and pollen data for Hobart over the three-year study period (October 29, 2015 to October 29, 2018). Note that the pollen taxa have varying y-
axes for ease of display.

P.J. Jones, et al. Environmental Research 182 (2020) 109118

4



2018) using the MASS and ggplot2 packages (Venables and Ripley,
2002; Wickham, 2009).

3. Results

3.1. Study population and environmental conditions

AirRater had 5141 unique users in Tasmania over the study period
of October 29, 2015–October 29, 2018 (the first three years of the app's
operation). A total of 6801 symptom reports were submitted through
the app in the study area over this time, with the number of reports per
day averaging 7.9 (range 0–65). Of the 6801 symptom reports, 6505
were classified as eyes (2045), nose (3306) or lung (1154) symptoms
(additional reports of the same symptom type by the same user on the
same day were removed). The number of reports submitted per user per
year averaged 9.33 and varied from 1 to 427.

The meteorological, air quality and pollen data for Hobart over the
study period are illustrated as a time-series in Fig. 2 (for summary
statistics see Table A2). Maximum and minimum temperatures reflect
Hobart's cool maritime temperate climate: maximums averaged ap-
proximately 20 °C in summer and 12 °C in winter; while minimums
typically fluctuated between 10 and 15 °C in summer and 5–10 °C in
winter. Relative humidity was generally higher in winter and lower in
summer but rarely dropped below 50%. PM2.5 also showed clear sea-
sonal variation with a higher mean through the winter as a result of
domestic wood heater emissions (Reisen et al., 2013). In the summer,
PM2.5 was generally very low apart from occasional peaks due to
wildfires. Betula (birch), Casuarina (she-oak), Cupressaceae (cypress
family, including both native and exotic taxa), Dodonaea (hop bush,
primarily D. viscosa), Myrtaceae (includes Eucalpytus, Leptospermum and
Melaleuca) and Poaceae (grasses) were the most commonly represented
pollen taxa. All show seasonal trends in abundance as well as differ-
ences between years: for example, Dodonaea and Poaceae were most
abundant in 2016/17, while Betula was most strongly represented in
2017/18 and 2018/19. No variables met our pre-determined criteria for
multicollinearity (> 0.8 Pearson correlation coefficient).

3.2. Associations between environmental conditions and symptom reports

3.2.1. All symptom analysis
Fig. 3 shows the associations between the environmental variables

and the daily symptom reporting rate for the full model (including eye,
nose and lung symptoms reported in any month, for statistical table see
Table A5). At the p = 0.05 level, there were significant positive asso-
ciations between the daily symptom reporting rate and maximum
temperature, PM2.5 and the pollen taxa Betula, Cupressaceae, Myrtaceae
and Poaceae. Specifically, a 10 °C rise in the maximum temperature was
associated with a 28% increase in all symptom reporting (IRR 1.28, CI
1.13–1.44), while a 10 μg/m³ increase in PM2.5 was associated with an
increase of 6% (IRR 1.06, CI 1.04–1.08). For pollen, with every 10
grains/m3, the symptom rate increased with Betula by 4% (IRR 1.04, CI
1.02–1.07), Cupressaceae by 2% (IRR 1.02, CI 1.01–1.04), Myrtaceae
by 6% (IRR 1.06, CI 1.02–1.10), and Poaceae by 5% (IRR 1.05, CI
1.01–1.09). There was a significant inverse association between
symptom reporting rates and relative humidity (IRR 0.90, CI
0.85–0.95).

3.2.2. Seasonal stratification
The results from the stratified spring/summer and autumn/winter

analyses are presented in Table 1. At the p = 0.05 level, the spring/
summer model found significant positive associations between the daily
symptom reporting rate and, maximum temperature (IRR 1.19, CI
1.00–1.38) and PM2.5 (IRR 1.06, CI 1.03–1.10), similar to the un-
stratified model. This model also found a significant positive association
between the symptom reporting rate and Betula, Dodonaea and Rumex
pollen, for which a 10 grain/m3 increase was associated with a 3% (IRR

1.03, CI 1.01–1.05), 2% (IRR 1.02, CI 1.00–1.04), and 13% (IRR 1.13,
CI 1.04–1.22) respectively. There was an association with Myrtaceae
pollen of borderline statistical significance The results for Poaceae and
Cupressaceae pollen were attenuated and lost statistical significance in
the spring/summer compared with the full year analysis.

In the autumn/winter model, maximum temperature was not sig-
nificantly associated with symptom reporting (Table 1), in contrast to
both the overall and the spring/summer analyses. However, the asso-
ciation between the symptom reporting rate and PM2.5 remained con-
sistent, with a 10 μg/m³ rise in PM2.5 associated with an 8% (IRR 1.08,
CI 1.04–1.11) increase in symptom reporting. The autumn/winter
model also found a significant inverse association between the
symptom reporting rate and relative humidity (IRR 0.85, CI 0.76–0.94);
and a significant positive association with both Cupressaceae pollen,
the most abundant pollen taxon in the cooler months (IRR 1.03, CI
1.00–1.05) and Myrtaceae pollen (IRR 1.09, CI 0.98–1.22).

3.2.3. Symptom group stratification
Table 2 shows the results stratified by symptom group (also dis-

played as Figure A5). Pollen taxa were prominent amongst the pre-
dictors of eye and nose symptoms, with five pollen taxa showing a
significant positive association (at p ≤ 0.05). For every 10 grains/m3

increase, for these specific symptoms, the reporting rate increased with
Betula by 4% (IRR 1.04, CI 1.02–1.06), Cupressaceae by 2% (IRR 1.02,
CI 1.01–1.04), Dodonaea by 2% (IRR 1.02, CI 1.00–1.04), Myrtaceae by
6% (IRR 1.06, CI 1.02–1.10), and Poaceae by 6% (IRR 1.06, CI
1.01–1.10). Maximum temperature (IRR 1.343 CI 1.16–1.51) and PM2.5

(IRR 1.05, CI 1.02–1.07) were also significant. Relative humidity
showed a significant inverse association with the eye and nose symptom
reporting rate (IRR 0.89, CI 0.84–0.94); there was also a significant
inverse association with Casuarina pollen (IRR 0.88, CI 0.78–0.97). No
significant associations were found with rainfall or minimum tem-
perature.

Lung symptoms were primarily predicted by meteorological and air
quality variables (Table 2). PM2.5 and maximum temperatures were
both positively associated with lung symptoms. A 10 μg/m³ rise in
PM2.5 was associated with an increase of 11% (IRR 1.11, CI 1.09–1.14),
and a 10 °C increase in daily maximum temperature was associated
with a 40% increase in lung symptom reporting (IRR 1.40, CI
1.18–1.63). Relative humidity was again inversely associated with lung
symptom reporting (IRR 0.92, CI 0.85–0.99). Cupressaceae and Betula
pollen were significantly associated with lung symptoms at the
p = 0.05 level, with an IRR of 1.02 (CI 1.00–1.04) and 1.03 (IRR
1.00–1.05 respectively). Poaceae was positively associated at the
p = 0.1 level, with a p-value of 0.07.

4. Discussion

AirRater-logged symptoms were clearly associated with air quality,
pollen and meteorological conditions. We found an association between
symptoms and PM2.5 in all model variants, and seasonally-variable as-
sociations with maximum temperature, relative humidity and several
pollen taxa. Our seasonally-stratified models highlight that there are
differences in the pollen taxa associated with symptoms in the warmer
versus cooler months; the contrasts we found are in line with each
taxon's seasonal abundance (see Fig. 2). Our symptom type stratifica-
tion highlights differences in triggers between eye and nose symptoms
(most likely associated with allergic rhinitis) and lung symptoms (more
likely related to asthma); however eye, nose and lung symptoms were
all associated with air quality, meteorological conditions and at least
some pollen taxa. This underlines the importance of a holistic epide-
miological approach when attempting to understand environmental
triggers.

With respect to PM2.5, the positive associations in our data are
consistent with a large body of epidemiological and mechanistic lit-
erature linking particulate matter (including biomass-derived
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particulate matter) to asthma and a range of other respiratory symp-
toms (McGowan et al., 2002; Chen et al., 2016; Mirabelli et al., 2016;
Pope et al., 2017). Notably, the association in our data is of similar
strength both in winter—when wood smoke burning results in con-
sistently high exposure—and summer, when PM2.5 levels are mostly

low but punctuated by extreme landscape fire-related peaks (see Fig. 2).
This suggests that app-sourced data such as ours may be capable of
detecting associations between both chronic and acute particulate ex-
posure, and detect responses to both domestic heating and landscape
fire-derived smoke. This is congruent with the Asthma Mobile Health

Fig. 3. Incidence rate ratios from a negative bino-
mial for determinants predicting AirRater reported
symptoms from October 29, 2015 to October 29,
2018 in Hobart. Note that day of the week and public
holiday status were also included in the model; these
are not shown here for clarity of presentation. For
full statistical results, see Table A5.

Table 1
Results of negative binomial time series models evaluating associations be-
tween symptoms logged using the AirRater smartphone app and environmental
covariates. The data-set covers eyes, nose and lung symptoms logged by
AirRater users in Hobart between October 29, 2015 and October 29, 2018,
stratified into two groups: spring/summer (September–February) and autumn/
winter (March–August). Only pollen taxa contributing at least 5% of the pollen
load in the relevant period were included; the taxa therefore vary slightly be-
tween models. All models were adjusted for public holiday and day of week.
IRR = Incidence Rate Ratio.

IRR SE CI 2.5 CI 97.5 p-value Signif. codea

Spring/summer
PM2.5 1.064 1.016 1.034 1.097 < 0.001 ***
Max. Temp 1.185 1.095 0.995 1.379 0.053 *
Min. Temp 0.835 1.112 0.619 1.056 0.134
Rel. Humidity 0.957 1.028 0.904 1.011 0.131
Rainfall 0.984 1.049 0.894 1.080 0.743
Betula 1.029 1.010 1.009 1.051 0.002 **
Cupressaceae 1.015 1.010 0.995 1.037 0.150
Dodonaea 1.019 1.010 1.000 1.038 0.052 *
Myrtaceae 1.034 1.019 0.996 1.074 0.084 .
Poaceae 1.018 1.019 0.979 1.059 0.360
Rumex 1.127 1.046 1.038 1.221 0.006 **
Autumn/winter
PM2.5 1.075 1.016 1.042 1.108 0.000 ***
Max. Temp 1.118 1.130 0.857 1.388 0.365
Min. Temp 0.855 1.164 0.541 1.178 0.368
Rel. Humidity 0.848 1.047 0.759 0.938 0.001 **
Rainfall 1.055 1.076 0.903 1.222 0.469
Alnus 0.976 1.057 0.870 1.088 0.668
Casuarina 1.058 1.053 0.942 1.184 0.266
Cupressaceae 1.026 1.011 1.004 1.050 0.015 *
Myrtaceae 1.093 1.047 0.976 1.222 0.050 *

a Signif codes: ‘***’ =<0.001, ‘**’ = 0.001–0.01; ‘*’ = 0.01–0.05,
‘.’ = 0.05–0.1.

Table 2
Results of negative binomial time-series models evaluating associations be-
tween symptoms logged using the AirRater smartphone app and environmental
covariates. The data-set covers eye, nose and lung symptoms logged by AirRater
users in Hobart between October 29, 2015 and October 29, 2018, stratified into
two groups: eyes/nose and lungs. Only pollen taxa contributing at least 5% of
the pollen load were included. All models were adjusted for public holiday and
day of week. IRR = Incidence Rate Ratio.

IRR SE CI 2.5 CI 97.5 p-value Signif. codea

Eyes/nose
PM2.5 1.046 1.012 1.023 1.069 <0.001 ***
Max. Temp. 1.332 1.083 1.161 1.506 <0.001 ***
Min. Temp. 0.842 1.101 0.646 1.041 0.111
Rel. Humidity 0.888 1.026 0.837 0.938 <0.001 ***
Rainfall 1.042 1.045 0.954 1.134 0.354
Casuarina 0.873 1.048 0.781 0.966 0.008 **
Cupressaceae 1.022 1.007 1.007 1.038 0.003 **
Dodonaea 1.022 1.010 1.002 1.044 0.033 *
Myrtaceae 1.060 1.019 1.020 1.103 0.002 **
Poaceae 1.055 1.021 1.011 1.102 0.009 **
Betula 1.041 1.010 1.018 1.064 <0.001 ***
Lungs
PM2.5 1.112 1.013 1.086 1.137 <0.001 ***
Max. Temp. 1.399 1.109 1.179 1.625 <0.001 ***
Min. Temp. 0.817 1.132 0.565 1.076 0.161
Rel. Humidity 0.919 1.034 0.853 0.985 0.016 *
Rainfall 1.052 1.059 0.929 1.165 0.381
Betula 1.025 1.013 0.998 1.051 0.054 *
Casuarina 1.049 1.054 0.940 1.152 0.360
Cupressaceae 1.021 1.009 1.002 1.039 0.027 *
Dodonaea 1.005 1.012 0.981 1.029 0.659
Myrtaceae 1.022 1.021 0.980 1.063 0.290
Poaceae 1.041 1.023 0.993 1.089 0.071 .

a Signif codes: ‘***’ =<0.001, ‘**’ = 0.001–0.01; ‘*’ = 0.01–0.05,
‘.’ = 0.05–0.1.
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Study, which found that in-app reports were able to detect symptom
peaks responding to acute increases of PM2.5 during the 2015 Wa-
shington fires (Chan et al., 2018). Also notable is the positive associa-
tion we found between PM2.5 and eye and nose symptoms—those
symptoms most likely related to allergic respiratory disease. Although
less pronounced than the association with lung symptoms, this finding
is in line with a growing—if not yet conclusive—body of evidence
linking particulate pollution to allergic rhinitis (Sheffield et al., 2011;
Baldacci et al., 2015; Teng et al., 2017; Wu et al., 2018; Chen et al.,
2018), including by acting as an adjuvant that promotes a pro-allergic
immune response (see Reinmuth-Selzle et al., 2017 for a detailed re-
view).

Our meteorological associations are likewise in directions consistent
with the wider literature. We found a positive association between
symptoms and maximum temperature in all models except the winter
stratification. This implies that in our study population, both asthma
and allergic rhinitis symptoms increase during times of high tempera-
ture. This is congruent with previous studies linking high temperatures
to asthma symptoms and other adverse respiratory outcomes (including
allergic rhinitis) locally, nationally and internationally (Michelozzi
et al., 2009; Xu et al., 2013; Li et al., 2014; Ching-yu Lam et al., 2016;
Upperman et al., 2017; Ehelepola et al., 2018; Campbell et al., 2019).
An area for future research is to clarify the underlying mechanisms
underlying this apparently widespread effect (De Sario et al., 2013;
Ching-yu Lam et al., 2016). Although we did not find a statistically
significant relationship between symptom reporting and minimum
temperature, in all of our models the direction of association was in-
verse, consistent with the broadly-established link in the wider litera-
ture between cold temperatures and poor respiratory outcomes - in-
cluding both asthma and allergic rhinitis (Abe et al., 2009; Guo et al.,
2012; Xu et al., 2013; Zhang et al., 2014; Ehelepola et al., 2018; Kim
et al., 2018).

Relative humidity can have a variety of effects on asthma and al-
lergy symptoms. Previous studies have found asthma and/or allergy
exacerbations to be associated with both high and low relative hu-
midity, with the direction of association largely climate-dependent
(May et al., 2011; Delamater et al., 2012; Ching-yu Lam et al., 2016;
Silver et al., 2018). Here, we found a negative (inverse) association
between relative humidity and symptoms that was strongly significant
(p < 0.001) in our overall model. However, when stratified into
spring/summer and autumn/winter data-sets, the relationship was
significant only for the autumn/winter model (Table 2). Overall, this
suggests that there is a negative association between symptoms and
humidity in our study population that is strongest when the air is both
cool and dry. On this basis, the predominant pathway by which relative
humidity affects allergy and asthma symptoms in Tasmania may be the
impact of cool dry air on the humidity of the mucosal membrane—an
effect that can increase susceptibility to airway infections and irrigation
by allergens and other irritants. The seasonal difference in our data is
congruent with a recent finding of a seasonally variable effect of hu-
midity on asthma presentations on Hong Kong (Ching-yu Lam et al.,
2016) and highlights the need to account for seasonality—and the
multiple mechanisms by which humidity can impact respiratory
symptoms—when considering humidity in epidemiological studies.

Of the pollen types analysed we found positive associations between
symptoms with Betula, Cupressaceae, Dodonaea, Myrtaceae, Poaceae
and Rumex in one or more models. Of these, Betula and Rumex are in-
troduced taxa, Myrtaceae (e.g. Eucalyptus, Leptospermum and Melaleuca)
is native, while Poaceae and Cupressaceae include both native and in-
troduced species. All of these pollen types except Dodonaea have been
previously implicated as allergic rhinitis and/or asthma triggers
(Hanigan and Johnston, 2007; Panzner et al., 2014; Gibbs, 2015;
Domínguez-Ortega et al., 2016; Kam et al., 2016; Le et al., 2017;
Guilbert et al., 2018). Of note, the positive association between Betula,
Cupressaceae and Poaceae pollen with lung symptoms (noting that
Poaceae was only marginally significant) is consistent with studies that

have found these pollen types to be associated with asthma related
hospital admissions (Calderon-Ezquerro et al., 2018; Guilbert et al.,
2018; Olstrup et al., 2019).

The status of the native Myrtaceae as an allergen is somewhat
controversial. Very few studies have investigated Myrtaceae as a po-
tential aeroallergen; and a US study concluded that Melaleuca quinqui-
nervia was not an important aeroallergen in Florida (Stablein et al.,
2002). However, Myrtaceae is commonly a significant contributor to
the pollen load in Australia (Haberle et al., 2014) and Hanigan and
Johnston (2007) found a strong association between Myrtaceae pollen
and respiratory hospital admissions in Darwin (Australia). Gibbs (2015)
also found high rates of sensitisation to Eucalyptus pollen amongst
asthmatic children in Queensland. Our findings add to these studies to
provide further evidence that Myrtaceae may be a potential respiratory
trigger in Australia and other regions in which it is abundant; given this
taxon's ubiquity, we suggest that this body of evidence warrants further
attention. The significant association we found between Dodonaea
pollen and eye/nose symptoms (and all symptoms in spring/summer)
also merits further investigation. Overall, our findings highlight the
need for further work to enhance the poor knowledge base regarding
the allergenicity of Australasian plant taxa.

The strengths of this study include the multi-year time-series and
the wide range of environmental co-variates assessed. Our use of real-
time symptom reporting as an outcome measure allows for more precise
temporal matching between symptoms and environmental conditions
than can be obtained with more traditional outcome measures such as
hospital admissions and pharmacy sales. In addition, this method has
allowed us to capture the dynamics of the many less severe asthma and
allergy symptoms that do not lead to a quantified health system out-
come. While pharmacoepidemiological and panel studies are also cap-
able of capturing such day to day, less severe, symptom information
(Johnston et al., 2009; Li et al., 2014; Grundström et al., 2017), crowd-
sourced app-based reporting offers a lower cost and highly accessible
way to examine daily symptom dynamics cheaply on a population scale.
In this way our approach provides an important complement to tradi-
tional epidemiological data-sets, which can offer a valuable perspective
on the day-to-day dynamics of allergic and respiratory conditions.

The key limitation is our reliance on self-reported data from a self-
selected and shifting user base; a pervasive issue for crowd-sourcing
app-based studies that requires further investigation to understand
impacts on study validity and generalisability (Chan et al., 2018). In
particular, in the context of our study, most users of the app identify as
having allergic rhinitis, asthma or both (Johnston et al., 2018). This
means that our results are not generalisable to the wider population,
but could be applicable to those with a history of asthma or allergic
rhinitis. In the absence of demographic information about our user
base, we were unable to control for individual factors (such as age or
smoking status), nor were we able to control for the presence of other
potential symptom triggers (such as animals or dust), or the use of
symptom-reducing medications. All are factors with the potential to
mediate environment-symptom relationships (Ching-yu Lam et al.,
2016), but we were not able to examine their impact here. While we
found no seasonal bias in symptom reporting, an additional caveat is
that the identity and characteristics of the study population may have
varied over time.

Notwithstanding these caveats, our results are highly congruent
with existing mechanistic and epidemiological understandings of the
triggers of allergic and respiratory disease. Well-known allergens such
as Betula and Poaceae feature prominently as pollen predictors, and our
study clearly captures the well-known linkage between respiratory
symptoms and PM2.5. As expected, our lung-only model found stronger
associations with air quality and meteorology; while our eye and nose
symptom model revealed stronger linkages with pollen. Overall, this
congruence provides confidence that our app derived data-set provides
useful insights into the environmental triggers of asthma and allergic
rhinitis in Australia, a previously little studied region.
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While further work is needed to address challenges such as selection
bias, reporting bias and retention, our study adds to a body of literature
supporting the validity of crowd-sourced app-based data as a novel tool
in epidemiological research (Stieb et al., 2017; Chan et al., 2018;
Ambrosini et al., 2018). An important note is that data derived from
different apps will have different strengths and weaknesses: as noted by
Kenner (2016), m-health apps are designed for a multiplicity of pur-
poses, ranging from clinical management, to data collection for con-
trolled cohort studies, to apps such as AirRater, which are designed to
be low burden participatory epidemiology tools that collect data from
an uncontrolled but very large study cohorts. Each type of app will
provide data with its own caveats and limitations. In our study, we
show that data from AirRater, an app that collects minimal information
from a shifting user base, yields epidemiological associations that are
consistent with the established epidemiological and mechanistic lit-
erature on the environmental triggers of asthma and allergic rhinitis.
This supports the capacity of data from such apps to provide useful
insights, despite some important caveats on interpretation.

While not the focus of this paper, integrated smartphone tools such
as AirRater simultaneously offer opportunities in environmental health
management; for example by delivering easily accessible health in-
formation, creating potential for personally-targeted notifications, and
providing new possibilities for public health surveillance (Johnston
et al., 2018; D'Antoni et al., 2019). Together, this constitutes a strong
case for the extended application of smartphone technology in epide-
miological and public health research.

5. Conclusion

In Tasmania, Australia, there is a strong association between re-
spiratory symptoms logged by AirRater app users and particulate
matter, maximum temperature and several pollen taxa. Particulate
matter appears to be a pervasive symptom driver, being strongly as-
sociated with symptoms year-round. Pollen taxa and meteorological
factors have more seasonally-nuanced effects. Importantly, Myrtaceae
and Dodonaea pollen are associated with symptom reporting; these
linkages warrant further investigation. Our results are congruent with
both mechanistic and established epidemiological evidence and we
conclude that smartphone-sourced data can be a useful tool in en-
vironmental epidemiology.

Funding declaration

Initial funding for the AirRater project was provided by Sense-T
through support from the Australian Government. Current funding is
provided by the Menzies Institute for Medical Research and the
Department of Health (Tasmanian Government).

Ethics declaration

This research was approved by the Tasmanian Health and Medical
Human Research Ethics Committee (Reference number: H0015006).

CRediT authorship contribution statement

Penelope J. Jones: Writing - original draft, Writing - review &
editing, Project administration. Iain S. Koolhof: Writing - original
draft, Methodology, Formal analysis. Amanda J. Wheeler:
Conceptualization, Project administration, Funding acquisition, Writing
- review & editing. Grant J. Williamson: Methodology, Software,
Visualization. Christopher Lucani: Software. Sharon L. Campbell:
Project administration, Writing - review & editing. David M.J.S.
Bowman: Conceptualization, Writing - review & editing, Funding ac-
quisition. Fay H. Johnston: Conceptualization, Methodology,
Supervision, Funding acquisition, Writing - review & editing.

Acknowledgments

The authors would like to acknowledge input to the AirRater project
from Dr Fabienne Reisen and Dr Martin Cope (CSIRO), Dr John Innis
(EPA Tasmania), Professor Simon Haberle (Australian National
University), and Dr Nick Cooling, Professor Haydn Walters and Dr
Jennifer Sprent (University of Tasmania). The team would also like to
acknowledge the pollen technicians and support at the pollen mon-
itoring sites. EPA Tasmania is thanked for providing air quality and
meteorological data, and the app users are thanked for their partici-
pation. Initial funding for AirRater was provided by Sense-T through
support from the Australian Government. Current funding is provided
by the Menzies Institute for Medical Research and the Department of
Health (Tasmania). The research team would like to acknowledge the
support of the AirRater Stakeholder Group.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envres.2020.109118.

References

Abe, T., Tokuda, Y., Ohde, S., Ishimatsu, S., Nakamura, T., Birrer, R.B., 2009. The re-
lationship of short-term air pollution and weather to ED visits for asthma in Japan.
AJEM (Am. J. Emerg. Med.) 27, 153–159. https://doi.org/10.1016/j.ajem.2008.01.
013.

Ambrosini, G.L., Hurworth, M., Giglia, R., Trapp, G., Strauss, P., 2018. Feasibility of a
commercial smartphone application for dietary assessment in epidemiological re-
search and comparison with 24-h dietary recalls. Nutr. J. 17, 5. https://doi.org/10.
1186/s12937-018-0315-4.

Atkinson, R.W., Mills, I.C., Walton, H.A., Anderson, H.R., 2015. Fine particle components
and health—a systematic review and meta-analysis of epidemiological time series
studies of daily mortality and hospital admissions. J. Expo. Sci. Environ. Epidemiol.
25, 208–214. https://doi.org/10.1038/jes.2014.63.

Australian Institute of Health and Welfare and Australian Bureau of Statistics, 2017. Data
cube: allergic rhinitis data tables. Australian Bureau of statistics 2014–15 national
health survey. Available: https://www.aihw.gov.au/reports/asthma-other-chronic-
respiratory-conditions/allergic-rhinitis-hay-fever/data, Accessed date: 5 November
2017.

Azevedo, P., Correia-de-Sousa, J., Bousquet, J., Bugalho-Almeida, A., Del Giacco, S.R.,
Demoly, P., Haahtela, T., Jacinto, T., Garcia-Larsen, V., van der Molen, T., Morais-
Almeida, M., Nogueira-Silva, L., Pereira, A.M., Román-Rodrígues, M., Silva, B.G.,
Tsiligianni, I.G., Yaman, H., Yawn, B., Fonseca, J.A., WHO Collaborative Center for
Asthma and Rhinitis, Montpellier, 2013. Control of allergic rhinitis and asthma test
(CARAT): dissemination and applications in primary care. Prim. Care Respir. J. 22,
112–116. https://doi.org/10.4104/pcrj.2013.00012.

Baldacci, S., Maio, S., Cerrai, S., Sarno, G., Baïz, N., Simoni, M., Annesi-Maesano, I., Viegi,
G., 2015. Allergy and asthma: effects of the exposure to particulate matter and bio-
logical allergens. Respir. Med. 109, 1089–1104. https://doi.org/10.1016/J.RMED.
2015.05.017.

Barnish, M.S., Tagiyeva, N., Devereux, G., Aucott, L., Turner, S., 2017. Changes in the
relationship between asthma and associated risk factors over fifty years. Pediatr.
Allergy Immunol. 28, 162–169. https://doi.org/10.1111/pai.12674.

Bastl, K., Kmenta, M., Berger, M., Berger, U., 2018. The connection of pollen con-
centrations and crowd-sourced symptom data: new insights from daily and seasonal
symptom load index data from 2013 to 2017 in Vienna. World Allergy Organ. J. 11,
24. https://doi.org/10.1186/s40413-018-0203-6.

Bastl, K., Kmenta, M., Jäger, S., Bergmann, K.-C., Berger, U., 2014. Development of a
symptom load index: enabling temporal and regional pollen season comparisons and
pointing out the need for personalized pollen information. Aerobiologia 30, 269–280.
https://doi.org/10.1007/s10453-014-9326-6.

Bousquet, J., Caimmi, D.P., Bedbrook, A., Bewick, M., Hellings, P.W., Devillier, P.,
Arnavielhe, S., Bachert, C., Bergmann, K.C., Canonica, G.W., 2017. Pilot study of
mobile phone technology in allergic rhinitis in European countries: the MASK‐rhinitis
study. Allergy 72, 857–865.

Bousquet, J., Devillier, P., Arnavielhe, S., Bedbrook, A., Alexis-Alexandre, G., van Eerd,
M., Murray, R., Canonica, G.W., Illario, M., Menditto, E., Passalacqua, G., Stellato, C.,
Triggiani, M., Carreiro-Martins, P., Fonseca, J., Morais Almeida, M., Nogueira-Silva,
L., Pereira, A.M., Todo Bom, A., Bosse, I., Caimmi, D., Demoly, P., Fontaine, J.F., Just,
J., Onorato, G.L., Kowalski, M.L., Kuna, P., Samolinski, B., Anto, J.M., Mullol, J.,
Valero, A., Tomazic, P.V., Bergmann, K.C., Keil, T., Klimek, L., Mösges, R., Shamai, S.,
Zuberbier, T., Murphy, E., McDowall, P., Price, D., Ryan, D., Sheikh, A., Chavannes,
N.H., Fokkens, W.J., Kvedariene, V., Valiulis, A., Bachert, C., Hellings, P.W., Kull, I.,
Melen, E., Wickman, M., Bindslev-Jensen, C., Eller, E., Haahtela, T., Papadopoulos,
N.G., Annesi-Maesano, I., Bewick, M., Bosnic-Anticevich, S., Cruz, A.A., De Vries, G.,
Gemicioglu, B., Larenas-Linnemann, D., Laune, D., Mathieu-Dupas, E., O'Hehir, R.E.,
Pfaar, O., Portejoie, F., Siroux, V., Spranger, O., Valovirta, E., VandenPlas, O.,
Yorgancioglu, A., 2018. Treatment of allergic rhinitis using mobile technology with

P.J. Jones, et al. Environmental Research 182 (2020) 109118

8

https://doi.org/10.1016/j.envres.2020.109118
https://doi.org/10.1016/j.envres.2020.109118
https://doi.org/10.1016/j.ajem.2008.01.013
https://doi.org/10.1016/j.ajem.2008.01.013
https://doi.org/10.1186/s12937-018-0315-4
https://doi.org/10.1186/s12937-018-0315-4
https://doi.org/10.1038/jes.2014.63
https://www.aihw.gov.au/reports/asthma-other-chronic-respiratory-conditions/allergic-rhinitis-hay-fever/data
https://www.aihw.gov.au/reports/asthma-other-chronic-respiratory-conditions/allergic-rhinitis-hay-fever/data
https://doi.org/10.4104/pcrj.2013.00012
https://doi.org/10.1016/J.RMED.2015.05.017
https://doi.org/10.1016/J.RMED.2015.05.017
https://doi.org/10.1111/pai.12674
https://doi.org/10.1186/s40413-018-0203-6
https://doi.org/10.1007/s10453-014-9326-6
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref10
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref10
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref10
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref10


real-world data: the MASK observational pilot study. Allergy 73, 1763–1774. https://
doi.org/10.1111/all.13406.

Bousquet, J., Hellings, P.W., Agache, I., Amat, F., Annesi-Maesano, I., Ansotegui, I.J.,
Anto, J.M., Bachert, C., Bateman, E.D., Bedbrook, A., Bennoor, K., Bewick, M.,
Bindslev-Jensen, C., Bosnic-Anticevich, S., Bosse, I., Brozek, J., Brussino, L.,
Canonica, G.W., Cardona, V., Casale, T., Cepeda Sarabia, A.M., Chavannes, N.H.,
Cecchi, L., Correia de Sousa, J., Costa, E., Cruz, A.A., Czarlewski, W., De Carlo, G., De
Feo, G., Demoly, P., Devillier, P., Dykewicz, M.S., El-Gamal, Y., Eller, E.E., Fonseca,
J.A., Fontaine, J.F., Fokkens, W.J., Guzmán, M.A., Haahtela, T., Illario, M.,
Ivancevich, J.C., Just, J., Kaidashev, I., Khaitov, M., Kalayci, O., Keil, T., Klimek, L.,
Kowalski, M.L., Kuna, P., Kvedariene, V., Larenas-Linnemann, D., Laune, D., Le,
L.T.T., Carlsen, K.L., Lourenço, O., Mahboub, B., Mair, A., Menditto, E., Milenkovic,
B., Morais-Almeida, M., Mösges, R., Mullol, J., Murray, R., Naclerio, R., Namazova-
Baranova, L., Novellino, E., O'Hehir, R.E., Ohta, K., Okamoto, Y., Okubo, K., Onorato,
G.L., Palkonen, S., Panzner, P., Papadopoulos, N.G., Park, H.S., Paulino, E.,
Pawankar, R., Pfaar, O., Plavec, D., Popov, T.A., Potter, P., Prokopakis, E.P., Rottem,
M., Ryan, D., Salimäki, J., Samolinski, B., Sanchez-Borges, M., Schunemann, H.J.,
Sheikh, A., Sisul, J.C., Rajabian-Söderlund, R., Sooronbaev, T., Stellato, C., To, T.,
Todo-Bom, A.M., Tomazic, P.V., Toppila-Salmi, S., Valero, A., Valiulis, A., Valovirta,
E., Ventura, M.T., Wagenmann, M., Wang, D.Y., Wallace, D., Waserman, S.,
Wickman, M., Yorgancioglu, A., Zhang, L., Zhong, N., Zidarn, M., Zuberbier, T.,
Aberer, W., Akdis, C.A., Akdis, M., Alberti, M.R., Almeida, R., Angles, R., Arnavielle,
S., Asayag, E., Asarnoj, A., Arshad, H., Avolio, F., Bacci, E., Baiardini, I., Barbara, C.,
Barbagallo, M., Baroni, I., Barreto, B.A., Basagana, X., Bedolla-Barajas, M., Beghé, B.,
Bel, E.H., Bergmann, K.C., Benson, M., Bertorello, L., Białoszewski, A.Z., Bieber, T.,
Bialek, S., Bjermer, L., Blain, H., Blasi, F., Blua, A., Bochenska Marciniak, M., Bogus-
Buczynska, I., Boner, A.L., Bonini, M., Bonini, S., Bouchard, J., Boulet, L.P., Bourret,
R., Braido, F., Briedis, V., Brightling, C.E., Bucca, C., Buhl, R., Buonaiuto, R.,
Panaitescu, C., Burguete Cabañas, M.T., Burte, E., Bush, A., Caballero-Fonseca, F.,
Caillot, D., Caimmi, D., Calderon, M.A., Camargos, P.A.M., Camuzat, T., Canfora, G.,
Carreiro-Martins, P., Carriazo, A.M., Carr, W., Cartier, C., Castellano, G., Chen, Y.,
Chiron, R., Chivato, T., Chkhartishvili, E., Chuchalin, A.G., Chung, K.F., Ciaravolo,
M.M., Ciceran, A., Cingi, C., Ciprandi, G., Carvalho Coehlo, A.C., Colas, L., Colgan, E.,
Coll, J., Conforti, D., Cortés-Grimaldo, R.M., Corti, F., Costa-Dominguez, M.C.,
Courbis, A.L., Cox, L., Crescenzo, M., Custovic, A., Dahlen, S.E., Dario, C., da Silva, J.,
Dauvilliers, Y., Darsow, U., De Blay, F., Dedeu, T., de Fátima Emerson, M., De Vries,
G., De Martino, B., de Paula Motta Rubini, N., Deleanu, D., Denburg, J.A., Di Capua
Ercolano, S., Di Carluccio, N., Didier, A., Dokic, D., Dominguez-Silva, M.G., Douagui,
H., Dray, G., Dubakiene, R., Durham, S.R., Du Toit, G., Eklund, P., Emuzyte, R.,
Farrell, J., Farsi, A., Ferreira de Mello, J., Ferrero, J., Fink-Wagner, A., Fiocchi, A.,
Forti, S., Fuentes-Perez, J.M., Gálvez-Romero, J.L., Gamkrelidze, A., Garcia-
Aymerich, J., García-Cobas, C.Y., Garcia-Cruz, M.H., Gemicioğlu, B., Genova, S.,
George, C., Gereda, J.E., Gerth van Wijk, R., Gomez, R.M., Gómez-Vera, J., González
Diaz, S., Gotua, M., Grisle, I., Guidacci, M., Guldemond, N.A., Gutter, Z., Hajjam, J.,
Hernández, L., Hourihane, J.O., Huerta-Villalobos, Y.R., Humbert, M., Iaccarino, G.,
Jares, E.J., Jassem, E., Johnston, S.L., Joos, G., Jung, K.S., Jutel, M., Kalyoncu, A.F.,
Karjalainen, J., Kardas, P., Keith, P.K., Khaltaev, N., Kleine-Tebbe, J., Kuitunen, M.,
Kull, I., Kupczyk, M., Krzych-Fałta, E., Lacwik, P., Lauri, D., Lavrut, J., Lessa, M.,
Levato, G., Li, J., Lieberman, P., Lipiec, A., Lipworth, B., Lodrup Carlsen, K.C., Louis,
R., Luna-Pech, J.A., Maciej, K., Magnan, A., Maier, D., Majer, I., Malva, J.,
Mandajieva, E., Manning, P., De Manuel Keenoy, E., Marshall, G.D., Masjedi, M.R.,
Maspero, J.F., Mathieu-Dupas, E., Matta Campos, J.J., Matos, A.L., Maurer, M.,
Mavale-Manuel, S., Mayora, O., Medina-Avalos, M.A., Melén, E., Melo-Gomes, E.,
Meltzer, E.O., Mercier, J., Miculinic, N., Mihaltan, F., Moda, G., Mogica-Martinez,
M.D., Mohammad, Y., Momas, I., Montefort, S., Monti, R., Mora Bogado, D., Morato-
Castro, F.F., Mota-Pinto, A., Moura Santo, P., Münter, L., Muraro, A., Nadif, R., Nalin,
M., Napoli, L., Neffen, H., Niedeberger, V., Nekam, K., Neou, A., Nieto, A., Nogueira-
Silva, L., Nogues, M., Nyembue, T.D., Odzhakova, C., Ortega Cisneros, M.,
Ouedraogo, S., Pali-Schöll, I., Papi, A., Passalacqua, G., Pedersen, S., Pépin, J.L.,
Pereira, A.M., Persico, M., Phillips, J., Picard, R., Pigearias, B., Pin, I., Pitsios, C.,
Pohl, W., Portejoie, F., Pozzi, A.C., Price, D., Puy, R., Pugin, B., Pulido Ross, R.E.,
Przemecka, M., Rabe, K.F., Raciborski, F., Reitsma, S., Ribeirinho, I., Rimmer, J.,
Rivero-Yeverino, D., Rizzo, J.A., Rizzo, M.C., Robalo-Cordeiro, C., Rodenas, F., Rodo,
X., Rodriguez Gonzalez, M., Rodriguez-Mañas, L., Rolland, C., Rodrigues Valle, S.,
Roman Rodriguez, M., Romano, A., Rodriguez-Zagal, E., Rolla, G., Roller-
Wirnsberger, R.E., Romano, M., Rosado-Pinto, J., Rosario, N., Sagara, H., Sastre-
Dominguez, J., Scadding, G.K., Scichilone, N., Schmid-Grendelmeier, P., Serpa, F.S.,
Shamai, S., Sierra, M., Simons, F.E.R., Siroux, V., Skrindo, I., Solé, D., Somekh, D.,
Sondermann, M., Sova, M., Sorensen, M., Sorlini, M., Spranger, O., Stelmach, R.,
Stukas, R., Sunyer, J., Strozek, J., Szylling, A., Tebyriçá, J.N., Thibaudon, M., Trama,
U., Triggiani, M., Suppli Ulrik, C., Urrutia-Pereira, M., Valenta, R., van Eerd, M., van
Ganse, E., van Hague, M., Vandenplas, O., Vezzani, G., Vasankari, T., Vatrella, A.,
Verissimo, M.T., Viart, F., Viegi, M., Vicheva, D., Vontetsianos, T., Walker, S., Werfel,
T., Westman, M., Williams, D.M., Williams, S., Wilson, N., Wright, J., Wroczynski, P.,
Yakovliev, P., Yawn, B.P., Yiallouros, P.K., Yusuf, O.M., Zar, H.J., Zernotti, M.E.,
Zubrinich, C., Zurkuhlen, A., 2019. Allergic Rhinitis and its Impact on Asthma (ARIA)
Phase 4 (2018): change management in allergic rhinitis and asthma multimorbidity
using mobile technology. J. Allergy Clin. Immunol. https://doi.org/10.1016/j.jaci.
2018.08.049.

Calderon-Ezquerro, M.C., Guerrero-Guerra, C., Galán, C., Serrano-Silva, N., Guidos-
Fogelbach, G., Jiménez-Martínez, M.C., Larenas-Linnemann, D., López Espinosa, E.D.,
Ayala-Balboa, J., 2018. Pollen in the atmosphere of Mexico City and its impact on the
health of the pediatric population. Atmos. Environ. 186, 198–208. https://doi.org/
10.1016/j.atmosenv.2018.05.006.

Campbell, S.L., Remenyi, T.A., Williamson, G.J., White, C.J., Johnston, F.H., 2019. The
value of local heatwave impact assessment: a case-crossover analysis of hospital

emergency department presentations in Tasmania, Australia. Int. J. Environ. Res.
Public Health 16. https://doi.org/10.3390/ijerph16193715.

Chan, Y.-F.Y., Bot, B.M., Zweig, M., Tignor, N., Ma, W., Suver, C., Cedeno, R., Scott, E.R.,
Gregory Hershman, S., Schadt, E.E., Wang, P., 2018. The asthma mobile health study,
smartphone data collected using ResearchKit. Sci. Data 5, 180096. https://doi.org/
10.1038/sdata.2018.96.

Chen, C.-H., Xirasagar, S., Lin, H.-C., 2006. Seasonality in adult asthma admissions, air
pollutant levels, and climate: a population-based study. J. Asthma 43, 287–292.

Chen, F., Lin, Z., Chen, R., Norback, D., Liu, C., Kan, H., Deng, Q., Huang, C., Hu, Y., Zou,
Z., Liu, W., Wang, J., Lu, C., Qian, H., Yang, X., Zhang, X., Qu, F., Sundell, J., Zhang,
Y., Li, B., Sun, Y., Zhao, Z., 2018. The effects of PM2.5 on asthmatic and allergic
diseases or symptoms in preschool children of six Chinese cities, based on China,
Children, Homes and Health (CCHH) project. Environ. Pollut. 232, 329–337. https://
doi.org/10.1016/J.ENVPOL.2017.08.072.

Chen, K., Glonek, G., Hansen, A., Williams, S., Tuke, J., Salter, A., Bi, P., 2016. The effects
of air pollution on asthma hospital admissions in Adelaide, South Australia, 2003-
2013: time-series and case-crossover analyses. Clin. Exp. Allergy 46, 1416–1430.
https://doi.org/10.1111/cea.12795.

Ching-yu Lam, H., Martin Li, A., Ying-yang Chan, E., Bernard Goggins III, W., 2016. The
short-term association between asthma hospitalisations, ambient temperature, other
meteorological factors and air pollutants in Hong Kong: a time-series study. 71,
1097–1109. https://doi.org/10.1136/thoraxjnl-2016-209009.

Cook, M., Douglass, J., Mallon, D., Mullins, R., Smith, J., Wong, M., 2007. The Economic
Impact of Allergic Disease in Australia. Access Economics, Sydney.

D'Amato, G., Cecchi, L., D’amato, M., Liccardi, G., 2010. Urban air pollution and climate
change as environmental risk factors of respiratory allergy: an update. J. Investig.
Allergol. Clin. Immunol. 20, 95–102.

D'Antoni, D., Auyeung, V., Walton, H., Fuller, G.W., Grieve, A., Weinman, J., 2019. The
effect of evidence and theory-based health advice accompanying smartphone air
quality alerts on adherence to preventative recommendations during poor air quality
days: a randomised controlled trial. Environ. Int. 124, 216–235. https://doi.org/10.
1016/j.envint.2019.01.002.

Damialis, A., Häring, F., Gökkaya, M., Rauer, D., Reiger, M., Bezold, S., Bounas-Pyrros, N.,
Eyerich, K., Todorova, A., Hammel, G., Gilles, S., Traidl-Hoffmann, C., 2019. Human
exposure to airborne pollen and relationships with symptoms and immune responses:
indoors versus outdoors, circadian patterns and meteorological effects in alpine and
urban environments. Sci. Total Environ. 653, 190–199. https://doi.org/10.1016/J.
SCITOTENV.2018.10.366.

Davies, J.M., Erbas, B., Katelaris, C.H., Newbigin, E., Heute, A., Ebert, E., Klinken, R.D.,
Haberle, S., Medek, D., Beggs, P.J., 2016. ASCIA‐P30: the AusPollen partnership:
implementing a standardised national pollen alert system for better management of
allergic respiratory health. Intern. Med. J. 46, 13–14.

De Sario, M., Katsouyanni, K., Michelozzi, P., 2013. Climate change, extreme weather
events, air pollution and respiratory health in Europe. Eur. Respir. J. 42, 826–843.

Delamater, P.L., Finley, A.O., Banerjee, S., 2012. An analysis of asthma hospitalizations,
air pollution, and weather conditions in Los Angeles County, California. Sci. Total
Environ. 425, 110–118. https://doi.org/10.1016/j.scitotenv.2012.02.015.

Díaz, J., Linares, C., Tobías, A., 2007. Short-term effects of pollen species on hospital
admissions in the city of Madrid in terms of specific causes and age. Aerobiologia 23,
231–238.

Domínguez-Ortega, J., Ngeles Ló Pez-Matas, M.A., Alonso, M.D., Feliú, A., Ruiz-Hornillos,
J., González, E., Moya, R., Nimo Carnés, J., 2016. Prevalence of Allergic Sensitization
to Conifer Pollen in a High Cypress Exposure Area. https://doi.org/10.2500/ar.2016.
7.0183.

Ehelepola, N.D.B., Ariyaratne, K., Jayaratne, A., 2018. Global Health Action the asso-
ciation between local meteorological changes and exacerbation of acute wheezing in
Kandy, Sri Lanka the association between local meteorological changes and exacer-
bation of acute wheezing in Kandy, Sri Lanka. Glob. Health Action 11, 1482998.
https://doi.org/10.1080/16549716.2018.1482998.

Fernandez, S.J.V., Barcala, F.J.G., Medina, R.S., Ortiz, D.F., Nunez, H.M.F., 2008.
Epidemiology of asthma mortality in Cuba and its relation to climate, 1989 to 2003.
Med. Review 10, 24–29.

Gibbs, J.E.M., 2015. Eucalyptus pollen allergy and asthma in children a cross-sectional
study in South-East Queensland, Australia. PLoS One 10, 1–15. https://doi.org/10.
1371/journal.pone.0126506.

Grundström, M., Dahl, Å., Ou, T., Chen, D., Pleijel, H., 2017. The relationship between
birch pollen, air pollution and weather types and their effect on antihistamine pur-
chase in two Swedish cities. Aerobiologia 33, 457–471. https://doi.org/10.1007/
s10453-017-9478-2.

Guilbert, A., Cox, B., Bruffaerts, N., Hoebeke, L., Packeu, A., Hendrickx, M., De Cremer,
K., Bladt, S., Brasseur, O., Van Nieuwenhuyse, A., 2018. Relationships between
aeroallergen levels and hospital admissions for asthma in the Brussels-Capital Region:
a daily time series analysis. Environ. Health 17, 35. https://doi.org/10.1186/s12940-
018-0378-x.

Guo, Y., Jiang, F., Peng, L., Zhang, J., Geng, F., Xu, J., Zhen, C., Shen, X., Tong, S., 2012.
The association between cold spells and pediatric outpatient visits for asthma in
Shanghai, China. PLoS One 7, e42232. https://doi.org/10.1371/journal.pone.
0042232.

Haberle, S.G., Bowman, D.M.J.S., Newnham, R.M., Johnston, F.H., Beggs, P.J., Buters, J.,
Campbell, B.C., Erbas, B., Godwin, I., Green, B.J., Huete, A.R., Jaggard, A.K., Medek,
D.E., Murray, F., Newbigin, E.J., Thibaudon, M., Vicendese, D., Williamson, G.J.,
Davies, J.M., 2014. The macroecology of airborne pollen in Australian and New
Zealand urban areas. PLoS One 9. https://doi.org/10.1371/journal.pone.0097925.

Hanigan, I.C., Johnston, F.H., 2007. Respiratory hospital admissions were associated with
ambient airborne pollen in Darwin, Australia, 2004-2005. Clin. Exp. Allergy 37,
1556–1565. https://doi.org/10.1111/j.1365-2222.2007.02800.x.

P.J. Jones, et al. Environmental Research 182 (2020) 109118

9

https://doi.org/10.1111/all.13406
https://doi.org/10.1111/all.13406
https://doi.org/10.1016/j.jaci.2018.08.049
https://doi.org/10.1016/j.jaci.2018.08.049
https://doi.org/10.1016/j.atmosenv.2018.05.006
https://doi.org/10.1016/j.atmosenv.2018.05.006
https://doi.org/10.3390/ijerph16193715
https://doi.org/10.1038/sdata.2018.96
https://doi.org/10.1038/sdata.2018.96
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref16
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref16
https://doi.org/10.1016/J.ENVPOL.2017.08.072
https://doi.org/10.1016/J.ENVPOL.2017.08.072
https://doi.org/10.1111/cea.12795
https://doi.org/10.1136/thoraxjnl-2016-209009
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref20
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref20
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref21
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref21
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref21
https://doi.org/10.1016/j.envint.2019.01.002
https://doi.org/10.1016/j.envint.2019.01.002
https://doi.org/10.1016/J.SCITOTENV.2018.10.366
https://doi.org/10.1016/J.SCITOTENV.2018.10.366
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref24
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref24
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref24
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref24
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref25
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref25
https://doi.org/10.1016/j.scitotenv.2012.02.015
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref27
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref27
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref27
https://doi.org/10.2500/ar.2016.7.0183
https://doi.org/10.2500/ar.2016.7.0183
https://doi.org/10.1080/16549716.2018.1482998
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref30
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref30
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref30
https://doi.org/10.1371/journal.pone.0126506
https://doi.org/10.1371/journal.pone.0126506
https://doi.org/10.1007/s10453-017-9478-2
https://doi.org/10.1007/s10453-017-9478-2
https://doi.org/10.1186/s12940-018-0378-x
https://doi.org/10.1186/s12940-018-0378-x
https://doi.org/10.1371/journal.pone.0042232
https://doi.org/10.1371/journal.pone.0042232
https://doi.org/10.1371/journal.pone.0097925
https://doi.org/10.1111/j.1365-2222.2007.02800.x


Heinrich, J., Wichmann, H.-E., 2004. Traffic related pollutants in Europe and their effect
on allergic disease. Curr. Opin. Allergy Clin. Immunol. 4, 341–348.

James, S., Abate, D., Abate, K.H., Abay, S.M., Abbafati, C., Abbasi, N., Abbastabar, H.,
Abd-Allah, F., Abdela, J., Abdelalim, A., Abdollahpour, I., Abdulkader, R.S., Abebe,
Z., Abera, S.F., Abil, O.Z., Abraha, H.N., Abu-Raddad, L.J., Abu-Rmeileh, N.M.E.,
Accrombessi, M.M.K., Acharya, D., Acharya, P., Ackerman, I.N., Adamu, A.A.,
Adebayo, O.M., Adekanmbi, V., Adetokunboh, O.O., Adib, M.G., Adsuar, J.C., Afanvi,
K.A., Afarideh, M., Afshin, A., Agarwal, G., Agesa, K.M., Aggarwal, R., Aghayan, S.A.,
Agrawal, S., Ahmadi, A., Ahmadi, M., Ahmadieh, H., Ahmed, M.B., Aichour, A.N.,
Aichour, I., Aichour, M.T.E., Akinyemiju, T., Akseer, N., Al-Aly, Z., Al-Eyadhy, A., Al-
Mekhlafi, H.M., Al-Raddadi, R.M., Alahdab, F., Alam, K., Alam, T., Alashi, A.,
Alavian, S.M., Alene, K.A., Alijanzadeh, M., Alizadeh-Navaei, R., Aljunid, S.M.,
Alkerwi, A., Alla, F., Allebeck, P., Alouani, M.M.L., Altirkawi, K., Alvis-Guzman, N.,
Amare, A.T., Aminde, L.N., Ammar, W., Amoako, Y.A., Anber, N.H., Andrei, C.L.,
Androudi, S., Animut, M.D., Anjomshoa, M., Ansha, M.G., Antonio, C.A.T., Anwari,
P., Arabloo, J., Arauz, A., Aremu, O., Ariani, F., Armoon, B., Ärnlöv, J., Arora, A.,
Artaman, A., Aryal, K.K., Asayesh, H., Asghar, R.J., Ataro, Z., Atre, S.R., Ausloos, M.,
Avila-Burgos, L., Avokpaho, E.F.G.A., Awasthi, A., Quintanilla, B.P.A., Ayer, R.,
Azzopardi, P.S., Babazadeh, A., Badali, H., Badawi, A., Bali, A.G., Ballesteros, K.E.,
Ballew, S.H., Banach, M., Banoub, J.A.M., Banstola, A., Barac, A., Barboza, M.A.,
Barker-Collo, S.L., Bärnighausen, T.W., Barrero, L.H., Baune, B.T., Bazargan-Hejazi,
S., Bedi, N., Beghi, E., Behzadifar, M., Behzadifar, M., Béjot, Y., Belachew, A.B.,
Belay, Y.A., Bell, M.L., Bello, A.K., Bensenor, I.M., Bernabe, E., Bernstein, R.S.,
Beuran, M., Beyranvand, T., Bhala, N., Bhattarai, S., Bhaumik, S., Bhutta, Z.A.,
Biadgo, B., Bijani, A., Bikbov, B., Bilano, V., Bililign, N., Sayeed, MS Bin, Bisanzio, D.,
Blacker, B.F., Blyth, F.M., Bou-Orm, I.R., Boufous, S., Bourne, R., Brady, O.J., Brainin,
M., Brant, L.C., Brazinova, A., Breitborde, N.J.K., Brenner, H., Briant, P.S., Briggs,
A.M., Briko, A.N., Britton, G., Brugha, T., Buchbinder, R., Busse, R., Butt, Z.A.,
Cahuana-Hurtado, L., Cano, J., Cárdenas, R., Carrero, J.J., Carter, A., Carvalho, F.,
Castañeda-Orjuela, C.A., Rivas, J.C., Castro, F., Catalá-López, F., Cercy, K.M., Cerin,
E., Chaiah, Y., Chang, A.R., Chang, H.-Y., Chang, J.-C., Charlson, F.J.,
Chattopadhyay, A., Chattu, V.K., Chaturvedi, P., Chiang, P.P.-C., Chin, K.L., Chitheer,
A., Choi, J.-Y.J., Chowdhury, R., Christensen, H., Christopher, D.J., Cicuttini, F.M.,
Ciobanu, L.G., Cirillo, M., Claro, R.M., Collado-Mateo, D., Cooper, C., Coresh, J.,
Cortesi, P.A., Cortinovis, M., Costa, M., Cousin, E., Criqui, M.H., Cromwell, E.A.,
Cross, M., Crump, J.A., Dadi, A.F., Dandona, L., Dandona, R., Dargan, P.I., Daryani,
A., Gupta, R Das, Das, Neves J., Dasa, T.T., Davey, G., Davis, A.C., Davitoiu, D.V.,
Courten, B De, Hoz, FPD La, Leo, D De, Neve, J-W De, Degefa, M.G., Degenhardt, L.,
Deiparine, S., Dellavalle, R.P., Demoz, G.T., Deribe, K., Dervenis, N., Jarlais, DC Des,
Dessie, G.A., Dey, S., Dharmaratne, S.D., Dinberu, M.T., Dirac, M.A., Djalalinia, S.,
Doan, L., Dokova, K., Doku, D.T., Dorsey, E.R., Doyle, K.E., Driscoll, T.R., Dubey, M.,
Dubljanin, E., Duken, E.E., Duncan, B.B., Duraes, A.R., Ebrahimi, H., Ebrahimpour,
S., Echko, M.M., Edvardsson, D., Effiong, A., Ehrlich, J.R., Bcheraoui, C El, Zaki,
M.E.S., El-Khatib, Z., Elkout, H., Elyazar, I.R.F., Enayati, A., Endries, A.Y., Er, B.,
Erskine, H.E., Eshrati, B., Eskandarieh, S., Esteghamati, A., Esteghamati, S., Fakhim,
H., Omrani, V.F., Faramarzi, M., Fareed, M., Farhadi, F., Farid, T.A., sá, Farinha CSE.,
Farioli, A., Faro, A., Farvid, M.S., Farzadfar, F., Feigin, V.L., Fentahun, N.,
Fereshtehnejad, S.-M., Fernandes, E., Fernandes, J.C., Ferrari, A.J., Feyissa, G.T.,
Filip, I., Fischer, F., Fitzmaurice, C., Foigt, N.A., Foreman, K.J., Fox, J., Frank, T.D.,
Fukumoto, T., Fullman, N., Fürst, T., Furtado, J.M., Futran, N.D., Gall, S., Ganji, M.,
Gankpe, F.G., Garcia-Basteiro, A.L., Gardner, W.M., Gebre, A.K., Gebremedhin, A.T.,
Gebremichael, T.G., Gelano, T.F., Geleijnse, J.M., Genova-Maleras, R., Geramo,
Y.C.D., Gething, P.W., Gezae, K.E., Ghadiri, K., Falavarjani, K.G., Ghasemi-Kasman,
M., Ghimire, M., Ghosh, R., Ghoshal, A.G., Giampaoli, S., Gill, P.S., Gill, T.K., Ginawi,
I.A., Giussani, G., Gnedovskaya, E.V., Goldberg, E.M., Goli, S., Gómez-Dantés, H.,
Gona, P.N., Gopalani, S.V., Gorman, T.M., Goulart, A.C., Goulart, B.N.G., Grada, A.,
Grams, M.E., Grosso, G., Gugnani, H.C., Guo, Y., Gupta, P.C., Gupta, R., Gupta, R.,
Gupta, T., Gyawali, B., Haagsma, J.A., Hachinski, V., Hafezi-Nejad, N., Bidgoli, H.H.,
Hagos, T.B., Hailu, G.B., Haj-Mirzaian, A., Haj-Mirzaian, A., Hamadeh, R.R., Hamidi,
S., Handal, A.J., Hankey, G.J., Hao, Y., Harb, H.L., Harikrishnan, S., Haro, J.M.,
Hasan, M., Hassankhani, H., Hassen, H.Y., Havmoeller, R., Hawley, C.N., Hay, R.J.,
Hay, S.I., Hedayatizadeh-Omran, A., Heibati, B., Hendrie, D., Henok, A., Herteliu, C.,
Heydarpour, S., Hibstu, D.T., Hoang, H.T., Hoek, H.W., Hoffman, H.J., Hole, M.K.,
Rad, E.H., Hoogar, P., Hosgood, H.D., Hosseini, S.M., Hosseinzadeh, M., Hostiuc, M.,
Hostiuc, S., Hotez, P.J., Hoy, D.G., Hsairi, M., Htet, A.S., Hu, G., Huang, J.J., Huynh,
C.K., Iburg, K.M., Ikeda, C.T., Ileanu, B., Ilesanmi, O.S., Iqbal, U., Irvani, S.S.N.,
Irvine, C.M.S., Islam, S.M.S., Islami, F., Jacobsen, K.H., Jahangiry, L., Jahanmehr, N.,
Jain, S.K., Jakovljevic, M., Javanbakht, M., Jayatilleke, A.U., Jeemon, P., Jha, R.P.,
Jha, V., Ji, J.S., Johnson, C.O., Jonas, J.B., Jozwiak, J.J., Jungari, S.B., Jürisson, M.,
Kabir, Z., Kadel, R., Kahsay, A., Kalani, R., Kanchan, T., Karami, M., Matin, B.K.,
Karch, A., Karema, C., Karimi, N., Karimi, S.M., Kasaeian, A., Kassa, D.H., Kassa,
G.M., Kassa, T.D., Kassebaum, N.J., Katikireddi, S.V., Kawakami, N., Karyani, A.K.,
Keighobadi, M.M., Keiyoro, P.N., Kemmer, L., Kemp, G.R., Kengne, A.P., Keren, A.,
Khader, Y.S., Khafaei, B., Khafaie, M.A., Khajavi, A., Khalil, I.A., Khan, E.A., Khan,
M.S., Khan, M.A., Khang, Y.-H., Khazaei, M., Khoja, A.T., Khosravi, A., Khosravi,
M.H., Kiadaliri, A.A., Kiirithio, D.N., Kim, C.-I., Kim, D., Kim, P., Kim, Y.-E., Kim, Y.J.,
Kimokoti, R.W., Kinfu, Y., Kisa, A., Kissimova-Skarbek, K., Kivimäki, M., Knudsen,
A.K.S., Kocarnik, J.M., Kochhar, S., Kokubo, Y., Kolola, T., Kopec, J.A., Kosen, S.,
Kotsakis, G.A., Koul, P.A., Koyanagi, A., Kravchenko, M.A., Krishan, K., Krohn, K.J.,
Defo, B.K., Bicer, B.K., Kumar, G.A., Kumar, M., Kyu, H.H., Lad, D.P., Lad, S.D.,
Lafranconi, A., Lalloo, R., Lallukka, T., Lami, F.H., Lansingh, V.C., Latifi, A., Lau,
K.M.-M., Lazarus, J.V., Leasher, J.L., Ledesma, J.R., Lee, P.H., Leigh, J., Leung, J.,
Levi, M., Lewycka, S., Li, S., Li, Y., Liao, Y., Liben, M.L., Lim, L.-L., Lim, S.S., Liu, S.,
Lodha, R., Looker, K.J., Lopez, A.D., Lorkowski, S., Lotufo, P.A., Low, N., Lozano, R.,
Lucas, T.C.D., Lucchesi, L.R., Lunevicius, R., Lyons, R.A., Ma, S., Macarayan, E.R.K.,
Mackay, M.T., Madotto, F., Razek, HMA El, Razek, MMA El, Maghavani, D.P.,

Mahotra, N.B., Mai, H.T., Majdan, M., Majdzadeh, R., Majeed, A., Malekzadeh, R.,
Malta, D.C., Mamun, A.A., Manda, A.-L., Manguerra, H., Manhertz, T., Mansournia,
M.A., Mantovani, L.G., Mapoma, C.C., Maravilla, J.C., Marcenes, W., Marks, A.,
Martins-Melo, F.R., Martopullo, I., März, W., Marzan, M.B., Mashamba-Thompson,
T.P., Massenburg, B.B., Mathur, M.R., Matsushita, K., Maulik, P.K., Mazidi, M.,
McAlinden, C., McGrath, J.J., McKee, M., Mehndiratta, M.M., Mehrotra, R., Mehta,
K.M., Mehta, V., Mejia-Rodriguez, F., Mekonen, T., Melese, A., Melku, M., Meltzer,
M., Memiah, P.T.N., Memish, Z.A., Mendoza, W., Mengistu, D.T., Mengistu, G.,
Mensah, G.A., Mereta, S.T., Meretoja, A., Meretoja, T.J., Mestrovic, T., Mezerji,
N.M.G., Miazgowski, B., Miazgowski, T., Millear, A.I., Miller, T.R., Miltz, B., Mini,
G.K., Mirarefin, M., Mirrakhimov, E.M., Misganaw, A.T., Mitchell, P.B., Mitiku, H.,
Moazen, B., Mohajer, B., Mohammad, K.A., Mohammadifard, N., Mohammadnia-
Afrouzi, M., Mohammed, M.A., Mohammed, S., Mohebi, F., Moitra, M., Mokdad,
A.H., Molokhia, M., Monasta, L., Moodley, Y., Moosazadeh, M., Moradi, G., Moradi-
Lakeh, M., Moradinazar, M., Moraga, P., Morawska, L., Velásquez, I.M., Morgado-Da-
Costa, J., Morrison, S.D., Moschos, M.M., Mountjoy-Venning, W.C., Mousavi, S.M.,
Mruts, K.B., Muche, A.A., Muchie, K.F., Mueller, U.O., Muhammed, O.S.,
Mukhopadhyay, S., Muller, K., Mumford, J.E., Murhekar, M., Musa, J., Musa, K.I.,
Mustafa, G., Nabhan, A.F., Nagata, C., Naghavi, M., Naheed, A., Nahvijou, A., Naik,
G., Naik, N., Najafi, F., Naldi, L., Nam, H.S., Nangia, V., Nansseu, J.R., Nascimento,
B.R., Natarajan, G., Neamati, N., Negoi, I., Negoi, R.I., Neupane, S., Newton, C.R.J.,
Ngunjiri, J.W., Nguyen, A.Q., Nguyen, H.T., Nguyen, H.L.T., Nguyen, H.T., Nguyen,
L.H., Nguyen, M., Nguyen, N.B., Nguyen, S.H., Nichols, E., Ningrum, D.N.A., Nixon,
M.R., Nolutshungu, N., Nomura, S., Norheim, O.F., Noroozi, M., Norrving, B.,
Noubiap, J.J., Nouri, H.R., Shiadeh, M.N., Nowroozi, M.R., Nsoesie, E.O., Nyasulu,
P.S., Odell, C.M., Ofori-Asenso, R., Ogbo, F.A., Oh, I.-H., Oladimeji, O., Olagunju,
A.T., Olagunju, T.O., Olivares, P.R., Olsen, H.E., Olusanya, B.O., Ong, K.L., Ong, S.K.,
Oren, E., Ortiz, A., Ota, E., Otstavnov, S.S., Øverland, S., Owolabi, M.O.,
A.M.P.,Pacella, R., Pakpour, A.H., Pana, A., Panda-Jonas, S., Parisi, A., Park, E.-K.,
Parry, C.D.H., Patel, S., Pati, S., Patil, S.T., Patle, A., Patton, G.C., Paturi, V.R.,
Paulson, K.R., Pearce, N., Pereira, D.M., Perico, N., Pesudovs, K., Pham, H.Q.,
Phillips, M.R., Pigott, D.M., Pillay, J.D., Piradov, M.A., Pirsaheb, M., Pishgar, F.,
Plana-Ripoll, O., Plass, D., Polinder, S., Popova, S., Postma, M.J., Pourshams, A.,
Poustchi, H., Prabhakaran, D., Prakash, S., Prakash, V., Purcell, C.A., Purwar, M.B.,
Qorbani, M., Quistberg, D.A., Radfar, A., Rafay, A., Rafiei, A., Rahim, F., Rahimi, K.,
Rahimi-Movaghar, A., Rahimi-Movaghar, V., Rahman, M., Rahman, MH ur, Rahman,
M.A., Rahman, S.U., Rai, R.K., Rajati, F., Ram, U., Ranjan, P., Ranta, A., Rao, P.C.,
Rawaf, D.L., Rawaf, S., Reddy, K.S., Reiner, R.C., Reinig, N., Reitsma, M.B., Remuzzi,
G., Renzaho, A.M.N., Resnikoff, S., Rezaei, S., Rezai, M.S., Ribeiro, A.L.P., Roberts,
N.L.S., Robinson, S.R., Roever, L., Ronfani, L., Roshandel, G., Rostami, A., Roth, G.A.,
Roy, A., Rubagotti, E., Sachdev, P.S., Sadat, N., Saddik, B., Sadeghi, E., Moghaddam,
S.S., Safari, H., Safari, Y., Safari-Faramani, R., Safdarian, M., Safi, S., Safiri, S., Sagar,
R., Sahebkar, A., Sahraian, M.A., Sajadi, H.S., Salam, N., Salama, J.S., Salamati, P.,
Saleem, K., Saleem, Z., Salimi, Y., Salomon, J.A., Salvi, S.S., Salz, I., Samy, A.M.,
Sanabria, J., Sang, Y., Santomauro, D.F., Santos, I.S., Santos, J.V., Milicevic, M.M.S.,
Jose, B.P.S., Sardana, M., Sarker, A.R., Sarrafzadegan, N., Sartorius, B., Sarvi, S.,
Sathian, B., Satpathy, M., Sawant, A.R., Sawhney, M., Saxena, S., Saylan, M.,
Schaeffner, E., Schmidt, M.I., Schneider, I.J.C., Schöttker, B., Schwebel, D.C.,
Schwendicke, F., Scott, J.G., Sekerija, M., Sepanlou, S.G., Serván-Mori, E.,
Seyedmousavi, S., Shabaninejad, H., Shafieesabet, A., Shahbazi, M., Shaheen, A.A.,
Shaikh, M.A., Shams-Beyranvand, M., Shamsi, M., Shamsizadeh, M., Sharafi, H.,
Sharafi, K., Sharif, M., Sharif-Alhoseini, M., Sharma, M., Sharma, R., She, J., Sheikh,
A., Shi, P., Shibuya, K., Shigematsu, M., Shiri, R., Shirkoohi, R., Shishani, K., Shiue, I.,
Shokraneh, F., Shoman, H., Shrime, M.G., Si, S., Siabani, S., Siddiqi, T.J., Sigfusdottir,
I.D., Sigurvinsdottir, R., Silva, J.P., Silveira, D.G.A., Singam, N.S.V., Singh, J.A.,
Singh, N.P., Singh, V., Sinha, D.N., Skiadaresi, E., Slepak, E.L.N., Sliwa, K., Smith,
D.L., Smith, M., Filho, A.M.S., Sobaih, B.H., Sobhani, S., Sobngwi, E., Soneji, S.S.,
Soofi, M., Soosaraei, M., Sorensen, R.J.D., Soriano, J.B., Soyiri, I.N., Sposato, L.A.,
Sreeramareddy, C.T., Srinivasan, V., Stanaway, J.D., Stein, D.J., Steiner, C., Steiner,
T.J., Stokes, M.A., Stovner, L.J., Subart, M.L., Sudaryanto, A., Sufiyan, M.B., Sunguya,
B.F., Sur, P.J., Sutradhar, I., Sykes, B.L., Sylte, D.O., Tabarés-Seisdedos, R.,
Tadakamadla, S.K., Tadesse, B.T., Tandon, N., Tassew, S.G., Tavakkoli, M., Taveira,
N., Taylor, H.R., Tehrani-Banihashemi, A., Tekalign, T.G., Tekelemedhin, S.W., Tekle,
M.G., Temesgen, H., Temsah, M.-H., Temsah, O., Terkawi, A.S., Teweldemedhin, M.,
Thankappan, K.R., Thomas, N., Tilahun, B., To, Q.G., Tonelli, M., Topor-Madry, R.,
Topouzis, F., Torre, A.E., Tortajada-Girbés, M., Touvier, M., Tovani-Palone, M.R.,
Towbin, J.A., Tran, B.X., Tran, K.B., Troeger, C.E., Truelsen, T.C., Tsilimbaris, M.K.,
Tsoi, D., Car, L.T., Tuzcu, E.M., Ukwaja, K.N., Ullah, I., Undurraga, E.A., Unutzer, J.,
Updike, R.L., Usman, M.S., Uthman, O.A., Vaduganathan, M., Vaezi, A., Valdez, P.R.,
Varughese, S., Vasankari, T.J., Venketasubramanian, N., Villafaina, S., Violante, F.S.,
Vladimirov, S.K., Vlassov, V., Vollset, S.E., Vosoughi, K., Vujcic, I.S., Wagnew, F.S.,
Waheed, Y., Waller, S.G., Wang, Y., Wang, Y.-P., Weiderpass, E., Weintraub, R.G.,
Weiss, D.J., Weldegebreal, F., Weldegwergs, K.G., Werdecker, A., West, T.E.,
Whiteford, H.A., Widecka, J., Wijeratne, T., Wilner, L.B., Wilson, S., Winkler, A.S.,
Wiyeh, A.B., Wiysonge, C.S., Wolfe, C.D.A., Woolf, A.D., Wu, S., Wu, Y.-C., Wyper,
G.M.A., Xavier, D., Xu, G., Yadgir, S., Yadollahpour, A., Jabbari, S.H.Y., Yamada, T.,
Yan, L.L., Yano, Y., Yaseri, M., Yasin, Y.J., Yeshaneh, A., Yimer, E.M., Yip, P., Yisma,
E., Yonemoto, N., Yoon, S.-J., Yotebieng, M., Younis, M.Z., Yousefifard, M., Yu, C.,
Zadnik, V., Zaidi, Z., Zaman, S Bin, Zamani, M., Zare, Z., Zeleke, A.J., Zenebe, Z.M.,
Zhang, K., Zhao, Z., Zhou, M., Zodpey, S., Zucker, I., Vos, T., Murray, C.J.L., 2018.
Global, regional, and national incidence, prevalence, and years lived with disability
for 354 diseases and injuries for 195 countries and territories, 1990-2017: a sys-
tematic analysis for the Global Burden of Disease Study 2017. Lancet (London,
England) 392, 1789–1858. https://doi.org/10.1016/S0140-6736(18)32279-7.

Johnston, F.H., Hanigan, I.C., Bowman, D.M.J.S., 2009. Pollen loads and allergic rhinitis
in Darwin, Australia: a potential health outcome of the grass-fire cycle. EcoHealth 6,

P.J. Jones, et al. Environmental Research 182 (2020) 109118

10

http://refhub.elsevier.com/S0013-9351(20)30009-8/sref37
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref37
https://doi.org/10.1016/S0140-6736(18)32279-7
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref39
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref39


99–108.
Johnston, F.H., Wheeler, A.J., Williamson, G.J., Campbell, S.L., Jones, P.J., Koolhof, I.S.,

Lucani, C., Cooling, N.B., Bowman, D.M.J.S., 2018. Using smartphone technology to
reduce health impacts from atmospheric environmental hazards. Environ. Res. Lett.
13, 44019.

Kam, A.W., Tong, W.W.Y., Christensen, J.M., Katelaris, C.H., Rimmer, J., Harvey, R.J.,
2016. Microgeographic factors and patterns of aeroallergen sensitisation. Med. J.
Aust. 205, 310–315. https://doi.org/10.5694/mja16.00264.

Kim, H., Kim, H., Lee, J.-T., 2018. Assessing the cold temperature effect on hospital visit
by allergic rhinitis in Seoul, Korea. Sci. Total Environ. 633, 938–945. https://doi.org/
10.1016/j.scitotenv.2018.03.166.

Kenner, A., 2016. Asthma on the move: how mobile apps remediate risk for disease
management. Health Risk Soc. 17 (7–8), 510–529. https://doi.org/10.1080/
13698575.2015.1136408.

Kim, J., Ha, J.S., Jun, S., Park, T.S., Kim, H., 2008. The weather watch/warning system
for stroke and asthma in South Korea. Int. J. Environ. Health Res. 18, 117–127.
https://doi.org/10.1080/09603120701498303.

Kmenta, M., Bastl, K., Kramer, M.F., Hewings, S.J., Mwange, J., Zetter, R., Berger, U.,
2016. The grass pollen season 2014 in Vienna: a pilot study combining phenology,
aerobiology and symptom data. Sci. Total Environ. 566, 1614–1620. https://doi.org/
10.1016/j.scitotenv.2016.06.059.

Le, A., Yuson, C., Kette, F., 2017. Patterns of grass pollen sensitisation in South Australia.
Intern. Med. J. 47, 5–33.

Li, S., Baker, P.J., Jalaludin, B.B., Guo, Y., Marks, G.B., Denison, L.S., Williams, G.M.,
2014. Are children's asthmatic symptoms related to ambient temperature? A panel
study in Australia. Environ. Res. 133, 239–245. https://doi.org/10.1016/j.envres.
2014.05.032.

Makra, L., Puskás, J., Matyasovszky, I., Csépe, Z., Lelovics, E., Bálint, B., Tusnády, G.,
2015. Weather elements, chemical air pollutants and airborne pollen influencing
asthma emergency room visits in Szeged, Hungary: performance of two objective
weather classifications. Int. J. Biometeorol. 59, 1269–1289.

May, L., Carim, M., Yadav, K., 2011. Adult asthma exacerbations and environmental
triggers: a retrospective review of ED visits using an electronic medical record. Am. J.
Emerg. Med. 29, 1074–1082. https://doi.org/10.1016/J.AJEM.2010.06.034.

McGowan, J.A., Hider, R.N., Chacko, E., Town, G.I., 2002. Particulate air pollution and
hospital admissions in Christchurch, New Zealand. Aust. N. Z. J. Public Health 26,
23–29.

Medek, D.E., Beggs, P.J., Erbas, B., Jaggard, A.K., Campbell, B.C., Vicendese, D.,
Johnston, F.H., Godwin, I., Huete, A.R., Green, B.J., Burton, P.K., Bowman, D.M.J.S.,
Newnham, R.M., Katelaris, C.H., Haberle, S.G., Newbigin, E.J., Davies, J.M., 2015.
Regional and seasonal variation in airborne grass pollen levels between cities of
Australia and New Zealand. Aerobiologia 32, 289–302. https://doi.org/10.1007/
s10453-015-9399-x.

Medek, D.E., Kljakovic, M., Fox, I., Pretty, D.G., Prebble, M., 2012. Hay fever in a
changing climate: linking an internet-based diary with environmental data.
EcoHealth 1–8.

Michelozzi, P., Accetta, G., De Sario, M., D'Ippoliti, D., Marino, C., Baccini, M., Biggeri, A.,
Anderson, H.R., Katsouyanni, K., Ballester, F., Bisanti, L., Cadum, E., Forsberg, B.,
Forastiere, F., Goodman, P.G., Hojs, A., Kirchmayer, U., Medina, S., Paldy, A.,
Schindler, C., Sunyer, J., Perucci, C.A., PHEWE Collaborative Group, 2009. High
temperature and hospitalizations for cardiovascular and respiratory causes in 12
European cities. Am. J. Respir. Crit. Care Med. 179, 383–389. https://doi.org/10.
1164/rccm.200802-217OC.

Mirabelli, M.C., Vaidyanathan, A., Flanders, W.D., Qin, X., Garbe, P., 2016. Outdoor
PM2.5, ambient air temperature, and asthma symptoms in the past 14 Days among
adults with active asthma. Environ. Health Perspect. 124, 1882–1890. https://doi.
org/10.1289/EHP92.

Olstrup, H., Johansson, C., Forsberg, B., Tornevi, A., Ekebom, A., Meister, K., 2019. A
multi-pollutant air quality health index (AQHI) based on short-term respiratory ef-
fects in stockholm, Sweden. Int. J. Environ. Res. Public Health 16, 105. https://doi.
org/10.3390/ijerph16010105.

Osborne, N.J., Alcock, I., Wheeler, B.W., Hajat, S., Sarran, C., Clewlow, Y., Mcinnes, R.N.,
Hemming, D., White, M., Vardoulakis, S., Fleming, L.E., Osborne, N.J., 2017. Pollen
exposure and hospitalization due to asthma exacerbations : daily time series in a
European city. Int. J. Biometeorol. 61, 1837–1848. https://doi.org/10.1007/s00484-
017-1369-2.

Panzner, P., Vachová, M., Vítovcová, P., Brodská, P., Vlas, T., 2014. A comprehensive
analysis of Middle-European molecular sensitization profiles to pollen allergens. Int.
Arch. Allergy Immunol. 164, 74–82. https://doi.org/10.1159/000362760.

Pawankar, R., Holgate, S.T., Walter Canonica, G., Lockey, R.F., Blaiss, M.S., 2013. WAO
White Book on Allergy - 2013 Update. World Allergy Organisation: Milwaukee,
Winsconsin.

Pope, R., Stanley, K.M., Domsky, I., Yip, F., Nohre, L., Mirabelli, M.C., 2017. The

relationship of high PM2.5 days and subsequent asthma-related hospital encounters
during the fireplace season in Phoenix, AZ, 2008-2012. Air Qual. Atmos. Health 10,
161–169. https://doi.org/10.1007/s11869-016-0431-2.

R Development Core Team, 2018. R: A Language and Environment for Statistical
Computing.

Reddel, H.K., Bateman, E.D., Becker, A., Boulet, L.-P., Cruz, A.A., Drazen, J.M., Haahtela,
T., Hurd, S.S., Inoue, H., de Jongste, J.C., Lemanske, R.F., Levy, M.L., O'Byrne, P.M.,
Paggiaro, P., Pedersen, S.E., Pizzichini, E., Soto-Quiroz, M., Szefler, S.J., Wong,
G.W.K., FitzGerald, J.M., 2015. A summary of the new GINA strategy: a roadmap to
asthma control. Eur. Respir. J. 46, 622–639. https://doi.org/10.1183/13993003.
00853-2015.

Reinmuth-Selzle, K., Kampf, C.J., Lucas, K., Lang-Yona, N., Fröhlich-Nowoisky, J.,
Shiraiwa, M., Lakey, P.S.J., Lai, S., Liu, F., Kunert, A.T., Ziegler, K., Shen, F.,
Sgarbanti, R., Weber, B., Bellinghausen, I., Saloga, J., Weller, M.G., Duschl, A.,
Schuppan, D., Pöschl, U., 2017. Air pollution and climate change effects on allergies
in the Anthropocene: abundance, interaction, and modification of allergens and ad-
juvants. Environ. Sci. Technol. 51, 4119–4141. https://doi.org/10.1021/acs.est.
6b04908.

Reisen, F., Meyer, C.P., Keywood, M.D., 2013. Impact of biomass burning sources on
seasonal aerosol air quality. Atmos. Environ. 67, 437–447. https://doi.org/10.1016/
j.atmosenv.2012.11.004.

Salathé, M., Bengtsson, L., Bodnar, T.J., Brewer, D.D., Brownstein, J.S., Buckee, C.,
Campbell, E.M., Cattuto, C., Khandelwal, S., Mabry, P.L., Vespignani, A., 2012.
Digital epidemiology. PLoS Comput. Biol. 8, e1002616. https://doi.org/10.1371/
journal.pcbi.1002616.

Sheffield, P.E., Weinberger, K.R., Ito, K., Matte, T.D., Mathes, R.W., Robinson, G.S.,
Kinney, P.L., 2011. The Association of Tree Pollen Concentration Peaks and Allergy
Medication Sales in New York City: 2003–2008. ISRN allergy 2011.

Silver, J.D., Sutherland, M.F., Johnston, F.H., Lampugnani, E.R., Mccarthy, M.A., Jacobs,
S.J., Pezza, A.B., Newbigin, E.J., 2018. Seasonal asthma in Melbourne, Australia, and
some observations on the occurrence of thunderstorm asthma and its predictability.
PLoS One. https://doi.org/10.1371/journal.pone.0194929.

Sleurs, K., Seys, S.F., Bousquet, J., Fokkens, W.J., Gorris, S., Pugin, B., Hellings, P.W.,
2019. Mobile health tools for the management of chronic respiratory diseases.
Allergy: Eur. J. Allergy Clin. Immunol. 1292–1306. https://doi.org/10.1111/all.
13720.

Soyiri, I.N., Reidpath, D.D., Sarran, C., 2013. Forecasting asthma-related hospital ad-
missions in London using negative binomial models. Chronic Respir. Dis. 10, 85–94.
https://doi.org/10.1177/1479972313482847.

Stablein, J.J., Bucholtz, G.A., Lockey, R.F., 2002. Melaleuca tree and respiratory disease.
Ann. Allergy Asthma Immunol. 89, 523–530. https://doi.org/10.1016/S1081-
1206(10)62092-3.

Stieb, D.M., Boot, C.R., Turner, M.C., 2017. Promise and pitfalls in the application of big
data to occupational and environmental health. BMC Public Health 17, 372.

Tan, R., Cvetkovski, B., Kritikos, V., O'Hehir, R.E., Lourenço, O., Bousquet, J., Bosnic-
Anticevich, S., 2019. Identifying an effective mobile health application for the self-
management of allergic rhinitis and asthma in Australia. J. Asthma 1–12. https://doi.
org/10.1080/02770903.2019.1640728.

Teng, B., Zhang, X., Yi, C., Zhang, Y., Ye, S., Wang, Y., Tong, D.Q., Lu, B., 2017. The
association between ambient air pollution and allergic rhinitis: further epidemiolo-
gical evidence from Changchun, Northeastern China. Int. J. Environ. Res. Public
Health 14. https://doi.org/10.3390/ijerph14030226.

Upperman, C.R., Parker, J.D., Akinbami, L.J., Jiang, C., He, X., Murtugudde, R., Curriero,
F.C., Ziska, L., Sapkota, A., 2017. Exposure to extreme heat events is associated with
increased hay fever prevalence among nationally representative sample of US Adults:
1997-2013. J. Allergy Clin. Immunol. Pract. 5, 435–441. https://doi.org/10.1016/j.
jaip.2016.09.016. e2.

Venables, W., Ripley, B.D., 2002. Modern Applied Statistics with S, Fourth. Springer, New
York.

Wang, X., Liu, W., Hu, Y., Zou, Z., Shen, L., 2016. Home environment, lifestyles behaviors,
and rhinitis in childhood. Int. J. Hyg Environ. Health 219, 220–231. https://doi.org/
10.1016/j.ijheh.2015.11.007.

Wickham, H., 2009. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, New
York.

Wu, J.-Z., Ge, D.-D., Zhou, L.-F., Hou, L.-Y., Zhou, Y., Li, Q.-Y., 2018. Effects of particulate
matter on allergic respiratory diseases. Chronic Dis. Transl. Med. 4, 95–102. https://
doi.org/10.1016/j.cdtm.2018.04.001.

Xu, Z., Huang, C., Hu, W., Turner, L.R., Su, H., Tong, S., 2013. Extreme temperatures and
emergency department admissions for childhood asthma in Brisbane, Australia.
Occup. Environ. Med. 70, 730–735. https://doi.org/10.1136/oemed-2013-101538.

Zhang, Y., Peng, L., Kan, H., Xu, J., Chen, R., Liu, Y., Wang, W., 2014. Effects of me-
teorological factors on daily hospital admissions for asthma in adults: a time-series
analysis. PLoS One 9, e102475.

P.J. Jones, et al. Environmental Research 182 (2020) 109118

11

http://refhub.elsevier.com/S0013-9351(20)30009-8/sref39
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref40
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref40
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref40
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref40
https://doi.org/10.5694/mja16.00264
https://doi.org/10.1016/j.scitotenv.2018.03.166
https://doi.org/10.1016/j.scitotenv.2018.03.166
https://doi.org/10.1080/13698575.2015.1136408
https://doi.org/10.1080/13698575.2015.1136408
https://doi.org/10.1080/09603120701498303
https://doi.org/10.1016/j.scitotenv.2016.06.059
https://doi.org/10.1016/j.scitotenv.2016.06.059
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref45
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref45
https://doi.org/10.1016/j.envres.2014.05.032
https://doi.org/10.1016/j.envres.2014.05.032
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref47
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref47
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref47
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref47
https://doi.org/10.1016/J.AJEM.2010.06.034
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref49
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref49
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref49
https://doi.org/10.1007/s10453-015-9399-x
https://doi.org/10.1007/s10453-015-9399-x
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref51
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref51
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref51
https://doi.org/10.1164/rccm.200802-217OC
https://doi.org/10.1164/rccm.200802-217OC
https://doi.org/10.1289/EHP92
https://doi.org/10.1289/EHP92
https://doi.org/10.3390/ijerph16010105
https://doi.org/10.3390/ijerph16010105
https://doi.org/10.1007/s00484-017-1369-2
https://doi.org/10.1007/s00484-017-1369-2
https://doi.org/10.1159/000362760
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref57
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref57
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref57
https://doi.org/10.1007/s11869-016-0431-2
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref59
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref59
https://doi.org/10.1183/13993003.00853-2015
https://doi.org/10.1183/13993003.00853-2015
https://doi.org/10.1021/acs.est.6b04908
https://doi.org/10.1021/acs.est.6b04908
https://doi.org/10.1016/j.atmosenv.2012.11.004
https://doi.org/10.1016/j.atmosenv.2012.11.004
https://doi.org/10.1371/journal.pcbi.1002616
https://doi.org/10.1371/journal.pcbi.1002616
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref64
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref64
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref64
https://doi.org/10.1371/journal.pone.0194929
https://doi.org/10.1111/all.13720
https://doi.org/10.1111/all.13720
https://doi.org/10.1177/1479972313482847
https://doi.org/10.1016/S1081-1206(10)62092-3
https://doi.org/10.1016/S1081-1206(10)62092-3
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref69
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref69
https://doi.org/10.1080/02770903.2019.1640728
https://doi.org/10.1080/02770903.2019.1640728
https://doi.org/10.3390/ijerph14030226
https://doi.org/10.1016/j.jaip.2016.09.016
https://doi.org/10.1016/j.jaip.2016.09.016
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref73
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref73
https://doi.org/10.1016/j.ijheh.2015.11.007
https://doi.org/10.1016/j.ijheh.2015.11.007
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref75
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref75
https://doi.org/10.1016/j.cdtm.2018.04.001
https://doi.org/10.1016/j.cdtm.2018.04.001
https://doi.org/10.1136/oemed-2013-101538
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref78
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref78
http://refhub.elsevier.com/S0013-9351(20)30009-8/sref78


Can smartphone data identify the local environmental drivers of respiratory disease?

Jones, Penelope J.a, Koolhof, Iain S.a,b, Wheeler, Amanda J.a,c, Williamson, Grant J. b, Lucani,
Christopherb, Campbell, Sharona,d, Bowman, David M.J.S.b and Johnston, Fay H. a,d*

a. Menzies Institute for Medical Research, University of Tasmania, Hobart, TAS 7000

b. School of Natural Sciences, University of Tasmania, Hobart, TAS 7001

c. Mary McKillop Institute for Health Research, Australian Catholic University, Melbourne, VIC
3000

d. Public Health Services, Department of Health, Hobart, TAS 7000

Supplementary Information

Appendix A



Section A1: AirRater symptom reporting protocol

Symptom reporting questions

AirRater app users are invited to report any health symptoms they are experiencing via the questions
in the box below.

The questions were based on Azevedo et al., 2013, with simplification to facilitate ease of logging in a
smartphone app context.

The symptom logging process is illustrated overleaf with screenshots.

Blinding to environmental conditions

AirRater can be used anonymously but all users are invited to register as study participants.

Study participants are blinded to the environmental conditions until they have logged a symptom, as
shown in the first panel of the screenshot overleaf.

1. Any symptoms right now?
2. Where or how are you affected?

a. (heat/throat/lungs/eyes/nose/other)
3. What is the symptom severity? (Optional)

a. Mild
b. Moderate
c. Severe

4. Any specific symptoms? (Optional)
a. Irritable/lacking energy/light headed/other (for heat)
b. Self-described (for throat)
c. Cough/short of breath/tightness/other (for lungs)
d. Red/watery/itchy (for eyes)
e. Sneezy/runny/itchy (for nose)

5. Medication used?
a. Antihistamine
b. Asthma reliever
c. Other (self-described)

6. Triggers present?
a. Not sure/stress/cold air/food and/or drink/mould/animal

contact/dust/exercise/other
7. Report created



1. User initiates a new symptom report
2. User asked to provide the location of

symptoms. If they add their own region
they are asked to provide a name.

3. On selecting a region the user is asked
to select a severity (Mild, Moderate, or
Severe) and any specific symptoms
( itchy, watery, red etc).

4. The user has the option to edit or add to
their symptom list.



5. The user is asked if they have used
medication. They are provided with the
option to add their own medication.

6. User is asked if any triggers are present.

7. Report created 8. User is shown the current
environmental conditions at their
location and any other saved locations



Table A1: Summary of pollen data for Hobart over the study period (October 29, 2015 to October 29,

2018), showing all taxa contributing at least 1% or more of the total pollen load. Other taxa monitored

include Arecaceae, Coprosma, Cyperaceae, Nothofagus, Platanaceae, Populus, and Trifolium; data not

shown as these taxa contributed <1% of total pollen over the study period.

Pollen type
% of total

pollen
Days

Present
Pollen concentration distribution

(days present only)
(%) Min Q1 Median Q3 Max IQR

Total Pollen 100 100 1 11 29 96 1799 85

Acacia 1 18 1 1 1 2 34 1

Alnus 3 26 1 1 2 6 104 5

Asteraceae 1 24 1 1 2 3 30 2

Betula 12 25 1 1 6 22 245 21

Brassicaceae 1 15 1 1 1 3 30 2

Casuarina 5 57 1 1 2 5 76 4

Chenopodiaceae 1 11 1 1 1 3 205 2

Cupressaceae 22 56 1 2 4 16 319 14

Dodonaea 13 32 1 2 4 13 349 11

Myrtaceae 10 71 1 2 3 8 173 6

Oleaceae 3 27 1 1 3 7 86 6

Papaver 1 5 1 1 2 5 100 4

Pinaceae 4 26 1 1 2 7 120 6

Plantago 1 19 1 1 2 3 63 2

Poaceae 10 53 1 2 3 9 174 7

Podocarpaceae 1 11 1 1 1 3 28 2

Quercus 1 13 1 1 2 4 35 3

Rumex 4 32 1 1 2 7 62 6

Salix 3 17 1 1 3 8 90 6

Ulmus 2 17 1 1 3 7 80 6



Table A2: Summary of meteorological and air quality data for Hobart over the study period (October

29, 2015 to October 29, 2018). The data derive from EPA Tasmania’s New Town BLANkET

monitoring station. Q=Quartile, IQR = Interquartile Range.

Exposure Days Present Distribution (days present only)

(%) Min Q1 Median Q3 Max IQR

Maximum temperature (oC) 100 8 15 19 23 37 8

Minimum temperature (oC) 100 0 7 10 13 26 6

Relative humidity (%) 100 19 55 64 72 96 17

Rainfall (mm) 45 0.2 0.4 1.4 3.9 81.4 3.5

PM2.5 (µg/m³) 100 1 3 6 17 192 14



Sensitivity analysis - Definition of the active user base

Table A3 presents the results of a sensitivity analysis exploring the impact of the definition of the

active user base as:

1) A 7-day average of active users, defined as any user who had interacted with the app in the

preceding 7-days

2) A 14-day moving average of active users, defined as any user who had interacted with the app

in the preceding 14-days.

3) A 28-day moving average of active users, defined as any who had interacted with the app in

the preceding 28-days

The results are very similar, the principal difference being two more significant p-values with the

longest time window: specifically, minimum temperature and Dodonaea. The main analysis used the

7-day moving average on the basis that it was (a) the most conservative and (b) best reflected the

sometimes sharp short-term fluctuations in user numbers.



Table A3. Results of three negative binomial time-series models evaluating the associations between symptoms logged using the AirRater smartphone app

and environmental covariates. The data-set covers all eye, nose and lung symptoms logged by AirRater users in Hobart between October 29, 2015 to October

29, 2018. The 7-day, 14-day and 28 day moving average refers to the time window used to define the active user base. Variables where the statistical

significance (at 0.05) varies between models are highlighted in bold. All models were adjusted for public holiday and day of week. CI = confidence interval,

IRR=Incidence Rate Ratio.

7-day moving average 14-day moving average 28-day moving average

IRR (CI) p IRR (CI) p IRR (CI) p

PM2.5 1.057 (1.037-1.079) <0.001 1.050 (1.026-1.074) <0.001 1.051 (1.026-1.076) <0.001

Max. Temp. 1.283 (1.125-1.444) <0.001 1.258 (1.096-1.422) 0.001 1.257 (1.089-1.429) 0.002
Min.Temp. 0.854 (0.672-1.039) 0.112 0.844 (0.656-1.036) 0.1 0.818 (0.623-1.017) 0.066
Rel. Humidity 0.900 (0.853-0.947) <0.001 0.906 (0.858-0.955) <0.001 0.914 (0.863-0.965) 0.001
Rainfall 1.032 (0.951-1.118) 0.447 1.043 (0.959-1.132) 0.312 1.068 (0.980-1.164) 0.119
Betula 1.043 (1.022-1.066) <0.001 1.044 (1.023-1.067) <0.001 1.045 (1.022-1.069) <0.001
Casuarina 0.929 (0.848-1.012) 0.091 0.928 (0.845-1.012) 0.09 0.939 (0.855-1.028) 0.17
Cupressaceae 1.022 (1.008-1.037) 0.002 1.025 (1.011-1.040) <0.001 1.030 (1.015-1.045) <0.001
Dodonaea 1.016 (0.996-1.037) 0.11 1.018 (0.998-1.039) 0.078 1.024 (1.002-1.046) 0.029
Myrtaceae 1.058 (1.020-1.100) 0.001 1.070 (1.031-1.112) <0.001 1.070 (1.030-1.113) <0.001
Poaceae 1.048 (1.005-1.094) 0.016 1.055 (1.011-1.101) 0.008 1.064 (1.019-1.114) 0.003




Sensitivity analysis – Registered vs anonymous users

Table A4 presents a sensitivity analysis exploring the impacts of including or excluding anonymous users.

As described in Section 2.1, in AirRater users may choose to use the app anonymously or to register as study

participants. Study participants only are blinded to environmental conditions before symptom reporting:

anonymous users are free to see the environmental conditions at any time, potentially introducing bias.

As shown in Table A4, the results of the model are very similar regardless of whether anonymous users are

included or excluded. The key difference is that minimum temperature and Dodonaea become statistically

significant (at 0.05) when anonymous users are excluded (ie. when the data-set is restricted to registered

users only.  This difference suggests that the model is slightly more sensitive when restricted to registered

users, who provide approximately 80% of symptom reports. On this basis we conclude that any bias

introduced by anonymous users viewing conditions has minimal impact and that registered users are likely a

higher risk group. We opted to use the full data-set (anonymous users included) in our main analysis as part

of our aim was to explore the utility of crowd sourced app data sourced from an uncontrolled study cohort.

.



Table A4. Results of negative binomial time-series models evaluating the associations between

environmental conditions and symptoms logged by (a) all users of the AirRater smartphone app and (b)

registered users only. The data-set covers eye, nose and lung symptoms logged by AirRater users in Hobart

between October 29, 2015 to October 29, 2018. Variables where the statistical significance (at 0.05) varies

between models are highlighted in bold. CI = confidence interval, IRR=Incidence Rate Ratio.

All users Registered users only

IRR p IRR p

PM2.5 1.057 (1.037-1.079) <0.001 1.059 (1.038-1.081) <0.001

Max. Temp. 1.283 (1.125-1.444) <0.001 1.235 (1.076-1.396) 0.003

Min. Temp. 0.854 (0.672-1.039) 0.112 0.816 (0.633-1.003) 0.049

Rel. Humidity 0.9 (0.853-0.947) <0.001 0.898 (0.851-0.946) <0.001

Rainfall 1.032 (0.951-1.118) 0.447 1.033 (0.952-1.119) 0.430

Betula 1.043 (1.022-1.066) <0.001 1.047 (1.026-1.069) <0.001

Casuarina 0.929 (0.848-1.012) 0.091 0.959 (0.877-1.043) 0.326

Cupressaceae 1.022 (1.008-1.037) 0.002 1.018 (1.003-1.033) 0.012

Dodonaea 1.016 (0.996-1.037) 0.11 1.024 (1.004-1.045) 0.018

Myrtaceae 1.058 (1.020-1.100) 0.001 1.049 (1.010-1.090) 0.008

Poaceae 1.048 (1.005-1.094) 0.016 1.028 (0.987-1.072) 0.165

Public Holiday 1.144 (0.148-2.255) 0.785 0.954 (-0.038-2.060) 0.931

Monday 1.969 (0.264-3.988) 0.282 1.847 (0.132-3.886) 0.352

Saturday 0.131 (-1.296-1.822) 0.294 0.471 (-1.032-2.257) 0.536

Sunday 1.617 (-0.044-3.586) 0.489 1.875 (0.149-3.929) 0.339

Thursday 2.443 (0.679-4.527) 0.112 2.654 (0.830-4.817) 0.076

Tuesday 2.449 (0.657-4.574) 0.117 2.78 (0.909-5.006) 0.061

Wednesday 3.414 (1.511-5.662) 0.011 3.63 (1.663-5.961) 0.007



Diagnostic plots – main analysis incorporating symptom reports from all users, all seasons

(a) (b)

Figure A1: Diagnostic quantile-quantile (QQ) (left) and residual (right) density plots for a negative binomial

time-series model evaluating the associations between symptoms logged using the AirRater smartphone app

and environmental covariates. The data-set covers all eye, nose and lung symptoms logged by AirRater users

in Hobart between October 29, 2015 to October 29, 2018.



(a) (b)

(c) (d)

Figure A2: Diagnostic quantile-quantile (QQ) plots for negative binomial time-series models evaluating

associations between symptoms logged using the AirRater smartphone app and environmental covariates.

The data-set covers eyes, nose and lung symptoms logged by AirRater users in Hobart between October 29,

2015 to October 29,h 2018, stratified in two ways: (i) spring/summer (September-February) versus

autumn/winter (March-August); and (ii) eyes/nose versus lung symptoms. Panels (a) and (b) show the results

for the spring/summer and autumn/winter analyses respectively; panels (c) and (d) show the eyes/nose and

lung model results respectively.



(a) (b)

(c) (d)

Figure A3: Diagnostic residual density plots for negative binomial time-series models evaluating

associations between symptoms logged using the AirRater smartphone app and environmental covariates.

The data-set covers eyes, nose and lung symptoms logged by AirRater users in Hobart between October 29,

2015 to October 29, 2018, stratified in two ways: (i) spring/summer (September-February) versus

autumn/winter (March-August); and (ii) eyes/nose versus lung symptoms. Panels (a) and (b) show the results

for the spring/summer and autumn/winter analyses respectively; panels (c) and (d) show the eyes/nose and

lung model results respectively.



Supplementary figures and tables from analyses presented in the main text

Table A5: Results of a negative binomial time-series model evaluating the associations between symptoms

logged using the AirRater smartphone app and environmental covariates. The data-set covers all eye, nose

and lung symptoms logged by AirRater users in Hobart between October 29 2015 to October 29 2018. The

model was adjusted for public holiday and day of week. CI = confidence interval, IRR=Incidence Rate Ratio.

IRR SE CI 2.5 CI 97.5 P-value1

PM2.5 1.057 1.011 1.037 1.079 <0.001 ***

Max Temp 1.283 1.077 1.125 1.444 <0.001 ***

Min Temp 0.854 1.093 0.672 1.039 0.112

Rel. Humidity 0.900 1.025 0.853 0.947 <0.001 ***

Rainfall 1.032 1.042 0.951 1.118 0.447

Betula 1.043 1.010 1.022 1.066 <0.001 ***

Casuarina 0.929 1.042 0.848 1.012 0.091 .

Cupressaceae 1.022 1.007 1.008 1.037 0.002 **

Dodonaea 1.016 1.010 0.996 1.037 0.110

Myrtaceae 1.058 1.018 1.020 1.100 <0.001 ***

Poaceae 1.048 1.020 1.005 1.094 0.016 *

Signif codes: ‘***’ = <0.001, ‘**’ = 0.001-0.01; ‘*’ = 0.01-0.05, ‘.’ = 0.05-0.1



Figure A4: Results of negative binomial time-series models evaluating associations between

symptoms logged using the AirRater smartphone app and environmental covariates. The data-set

covers eyes, nose and lung symptoms logged by AirRater users in Hobart between October 29 2015

and October 29 2018, stratified into two groups: spring/summer (Sep-Feb) and autumn/winter

(Mar-Aug). Only pollen taxa contributing at least 5% of the pollen load in the relevant period were

included. Bars show the 95% confidence interval.



Figure A5: Results of negative binomial time-series models evaluating associations between symptoms

logged using the AirRater smartphone app and environmental covariates. The data-set covers eyes, nose and

lung symptoms logged by AirRater users in Hobart between October 29, 2015 and October 29, 2018,

stratified into two groups: eyes/nose and lungs. Only pollen taxa contributing at least 5% of the pollen load

were included. Bars show the 95% confidence interval.
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