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Abstract

The negative consequences of long-term exposure to particulate pollution are well-established



In this paper, we use volcanic emissions to document the e ect of particulate pollution on hospi-
tal admissions and charges. Industrial and other types of anthropogenic pollution generally induce
high correlation among various pollutants, possibly complicating the attribution of quanti able
e ects to several di erent pollutants. Our pollution source, on the other hand, leads to relatively
independent variation in pollutants. This variation allows us to more precisely measure the e ect
of particulate matter on various public health outcomes and costs in a context where pollution
levels are well below Environmental Protection Agency (EPA) ambient air quality standards.

K lauea is the most active of the ve volcanoes that form the island of Hawai‘i. Emissions
from K lauea produce what is known as \vog" (volcanic smog) pollution. Vog is essentially small
particulate matter (sulfate aerosols) suspended in the air, akin to smog pollution in many cities.
Vog represents one of the truly exogenous sources of air pollution in the United States. Based on
local weather conditions (and whether or not the volcano is emitting), air quality conditions in the
state of Hawai‘i can change from dark, polluted skies to near pristine conditions in a matter of
hours.

We adopt two main approaches to estimate the health impact of the pollution produced by
K lauea. Both use high frequency data on air quality and emergency room (ER) admissions and
estimate linear models. The rst method estimates a parsimonious model with regional and sea-
sonal xed e ects via Ordinary Least Squares (OLS). The second method exploits variations in
wind patterns in the island chain in conjunction with information on emissions levels near K lauea
to construct an instrumental variables (1V) estimator.

The OLS estimator can be justi ed on the grounds that the variation in air quality is unrelated
to human activities. The two main omitted variables that could impact our analysis are tra ¢
congestion and avoidance behaviour (e.g., people avoiding the outdoors on \voggy" days). We see
no compelling reason to believe that the former is systematically correlated with volcanic pollution.
In addition, adjusting for a exible pattern in seasonality will control for much of the variation
in tra c congestion. The latter, avoidance behaviour, is thornier and has bedevilled much of
the research in this area. We are unable to control for this omitted variable and our estimates

of the e ects of pollution on health care utilization should be viewed as being inclusive of this
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adjustment margin (we nevertheless see no e ect of pollution on fractures which may be indicative
of limited avoidance behaviour). In addition, a large degree of measurement error in our pollution
variables should bias our estimates downwards. Error in pollution exposure measurement may
arise through imprecision in measurement instruments and misalignment between measurement
and exposure locations. As such, one can reasonably view our OLS estimates as lower bounds
of the true impact of vog on emergency medical care utilization (as in much of the Iiterature).ﬂ
Finally, but importantly, a unique feature of our design is that we have a source of particulate
pollution that is much less related to many other industrial pollutants than in other regions of
the US. Consequently, we provide an estimate of the health cost of a speci ¢ type of particulate
pollution that is more credible than much of the extant literature.

To address the measurement error bias as well as any lingering omitted variables biases from
industrial pollution or tra ¢ congestion, we also employ an instrumental variables (1) estimator.
Our strategy employs emissions measurements from the south of Hawai‘i island (where K lauea is
located) in conjunction with wind direction data collected at Honolulu International Airport to
instrument for particulate levels on the south shore of O‘ahu (a di erent island with high population
density). K lauea is located on the southeast part of the island of Hawai‘i which can be seen in
the map in Figure [I The basic idea is that when winds come from the northeast there is very
little particulate pollution on O*ahu, which as shown in Figure [2]is to the northwest of the island
of Hawai‘i, because all of the emissions from K lauea are blown out to sea. Figure [3is a satellite
image showing sulphur dioxide concentrations during typical northeast wind conditions: the plume
of emissions coming from the volcano is blown to the southwest, away from the Hawaiian islands.
On the other hand, when volcanic emissions levels are high and when the winds come from the
south, particulate levels on O*ahu are high.

Little is known about the health impacts of volcanic emissions, although a few recent studies

have focused on modern eruptionsf| In a study of Miyakejima island in Japan, [Ishigami et al.

1For example, [Kunzli and Tager| (1997) explain how simple OLS designs tend to underestimate the e ect of air
pollution on health. |Sheppard et al.[| (2012) and |Goldman et al.| (2011) both suggest that the usual estimators may
su er from severe attenuation bias due to measurement error.

2In terms of historical eruptions, Durand and Grattan| (2001) use health records from 1783 to document a
correlation between pulmonary ailments and vog in Europe caused by the eruption of Laki volcano in Iceland.
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Figure 1: Topographical Map of the Island of Hawali'‘i
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Figure 2: Map of the Hawaiian Islands
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Figure 3: Satellite Image of Sulphur Dioxide Mass
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(2008) found a strong correlation between sulphur dioxide (SO,) concentrations and self-reported
pulmonary e ects (cough, sore throat, and breathlessness). K lauea itself has been the focus of a
number of recent epidemiological studies. Prior to the 2008 escalation in emissions, nearby residents

self-reported increased pulmonary, eye, and nasal problems relative to residents in areas una ected

by vog (Longo et al.| (2008); |lLongo| (2009)). A strong correlation between vog and outpatient

visits for pulmonary problems and headaches was found by |Longo et al.| (2010). |Longo| (2013) uses

a combination of self-reported ailments and in-person measurements (blood pressure and blood

oxygen saturation) to document strong statistical correlations with exposure to vog. Half of the
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are causing health problems. In particular, selection bias (for example, respondents volunteered
to answer surveys and the socio-economic characteristics of individuals who choose to live close to
the volcano are quite di erent to the rest of the state) and self-reporting errors make it di cult to
infer causal evidence from previous epidemiological studies on K laueaf]

There is, of course, a much broader literature that attempts to estimate a causal relationship
between industrial sources of pollutants and human health. Within economics, there has been an
attempt to nd \natural or quasi-random sources of pollution variation in order to eliminate many
of the biases present in epidemiological studies based on purely correlative evidence. |Chay et al.
(2003) use variation induced by the Clean Air Act in the 1970s to test for a link between particulate
matter and adult mortality. |Chay and Greenstone (2003) use the 1981-82 recession as a quasi-
random source of variation in particulate matter to test for an impact on infant mortality. [Neidell
(2004) uses seasonal pollution variation within California to test for a link between air pollution
and children’s asthma hospitalizations. |Lleras-Muney| (2010) uses forced changes in location due
to military transfers to study the impact of pollution on children. Moretti and Neidell (2011) use
boat tra c in Los Angeles; Schlenker and Walker| (2016) use airport tra c¢ in California; |[Knittel
et al. (2016) use road tra c; and Currie and Walker| (2011) use the introduction of toll roads as
sources of quasi-exogenous pollution variation. |Arceo-Gomez et al.| (2016) use thermal inversions
to measure the e ect of CO and PMjq on infant mortality in Mexico.

There is also a corresponding medical literature on the health e ects of pollution. The studies
that most closely align with our own investigate the e ects of particulates on respiratory hospital
admissions and mortality. An early and in uential study exploited the intermittent closure of a
steel mill in Utah Valley to demonstrate a causal link between PMy, pollution and respiratory
hospital admissions, particularly among pre-school age children [Pope 111 (1991). This study used
monthly hospital admissions. A follow-up study in the same area found a signi cant correlation

between 5-day moving average PM;, pollution and non-accidental mortality Pope 111 et al.| (1992).

3The leading scholar in this literature notes that her \cross-sectional epidemiologic design was susceptible to
selection bias, misclassi cation, and measured associations, not causality” [Longo| (2013, p. 9). In particular, the
cross-sectional nature of previous studies may not eliminate unobserved confounding factors. Because we exploit
variation in pollution from the volcano over time within a region, our research design does a more thorough job of
eliminating these confounds.
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Dockery et al. (1993), Pope et al. (1995), Pope Il et al. (2002) and Pope 11l et al.| (2009) all
investigate the e ects of long-term exposure to particulates and observe strong correlations with
mortality in the US.

The contributions of this study to the existing literature are as follows. First, the vast majority
of the studies in the economics literature exploit sources of pollution that are the result of human
activity (e.g., from cars, airplanes, factories, or starting res to clear forest).ﬁ] Second, we use more

accurate data on the costs of hospitalization than much of the other literature and, particularly,



is associated with 2% additional ER charges when we use our OLS estimates. Our IV estimates
imply a much larger e ect, between 23 and 36%. We nd strong e ects among the very young.
We do not nd any e ects of particulate pollution on cardiovascular-related or fracture-related
admissions, of which the latter is our placebo.

The balance of this paper is organized as follows. In the next section, we give some further
background on the volcano and describe our data. Following that, we discuss the relationship be-
tween volcanic emissions and pollution. We then describe our methods. After that, we summarize

our results. Finally, we conclude.

1 Background and Data

K lauea’s current eruption period began in 1983 and occasionally disrupts life on the island of
Hawai‘i and across the state. Lava ows displaced some residents in 1990 and a small number
again in late 2014. Other than these minor impacts, the lava ows serve mainly as a tourist
attraction. The primary impact of the volcano on human activity has been intermittent but severe
deteriorations in air quality. K lauea primarily emits water vapour, carbon dioxide, and sulphur
dioxide (these gases comprise 99% of total emissions), along with other minor trace gases (hydrogen,
hydrogen chloride, hydrogen uoride, and carbon monoxide (CO); totalling 1% of emissions) [f| SO,
poses a serious threat to human health and is also a common industrial pollutant. Moreover, SO,
turns into particulate matter which is also another harmful pollutant and the main pollution
problem caused by the volcano.

There are currently two main sources of air pollution on K lauea: the summit itself and a hole
(volcanic cone) in the \East Rift Zone™ on the side of the volcano. Since March 12, 2008, there

has been a dramatic increase in emissions from K lauea: a new vent opened inside the summit,


https://volcanoes.usgs.gov/observatories/hvo/hvo_gas.html
https://volcanoes.usgs.gov/observatories/hvo/hvo_gas.html

emissions uctuate on a daily basis between 500 and 1,500 tons of SO, per day. As a reference point,
the Environmental Protection Agency’s safety standard for industrial pollution is 0.25 tons of SO,
per day from a single source (Gibson (2001)). K lauea is, not surprisingly, the largest stationary
source of SO, pollution in the United States of America. Depending on volcanic activity, rainfall,
and prevailing wind conditions, there can be vast daily di erences in the actual amount of SO,
present near the summit and surrounding areas, ranging from near pristine air quality to levels
that far exceed guidelines set by the EPA.

Volcanic pollution, or vog, is composed of di erent gases and aerosols, and the composition
typically depends on proximity to the volcano. Near K lauea’s active vents, vog consists mostly of
SO, gas. Over time, SO, gas oxidizes to sulfate particles through various chemical and atmospheric
processes, producing hazy conditions (particulate pollution). Thus, farther away from the volcano
(along the Kona coast on the west side of Hawai‘i Island and on the other Hawaiian islands),
vog is essentially small particulate matter (sulphuric acid and other sulfate compounds) and no
longer contains high levels of SO,. Because this species of particulates is high in sulphuric acid, the
results of this study may be more pertinent to other particulate sources that are also high in sulfate
aerosols such as coal- red power plants. In summary, the volcano has the potential to produce
high levels of SO, pollution near the volcano and high levels of a particular species of particulate
pollution anywhere in the state of Hawai‘i.

We employ data from two primary sources. First, we obtained data on ER admissions and
charges in Hawai‘i from the Hawai‘i Health Information Corporation (HHIC). Second, we obtained
data from the Hawai‘i Department of Health (DOH) on air quality from thirteen monitoring stations
in the state.

The ER data include admissions information for all cardiovascular and pulmonary diagnosis-
related groups, as well as all admissions for fractures and dislocations of bones other than the
pelvis, femur, or back. Fractures are designed to serve as a placebo, as they should be una ected
by air pollution. The data span the period January 1, 2000 to December 31, 2012. These data
include information on the date and cause of admission as well as the total amount charged for

patient care. In addition, we know the age and gender of the patient. We also have information
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on a broadly de ned location of residence. In particular, HHIC reports the residence of location
as an \SES community,” which is a collection of several ZIP codes. We show the SES communities
on the islands of O‘ahu, Hawai‘i, Maui, Lana‘i, Moloka‘i and Kaua'i in Figure [A]in the appendix.

To put the data in a format suitable for regression analysis, we collapsed the data by day,
cause of admission, and SES community to obtain the total number of admissions and total ER
charges on a given day, in a given location, and for a given cause (i.e., pulmonary, cardiovascular,
or fractures). Once again, it is important to note that the location information corresponds to the
patient’s residence and not the location of the ER to which he or she was admitted. We did this
because we believed that it would give us a more precise measure of exposure once we merged in
the pollution data.

We use measurements of the following pollutants: particulates 2.5 and 10 micrometres in di-
ameter (PM,.5 and PMyg) and 302-[] All measurements for SO, are in parts per billion (ppb), and
particulates are measured in micrograms per cubic meter ( g/m3). For particulates, two mea-
sures were available: an hourly and a 24-hour average computed by the DOH| Using the hourly
measures, we computed our own 24-hour averages, which were arithmetic averages taken over 24
hourly measures. Most of the time, either the one hour or the 24-hour measure was available,
but rarely were both available on the same day. When they were, we averaged the two. For our
empirical results, we spliced the two time series of particulates (e.g. the 24 hour averages provided
by the DOH and taken from our own calculations) together and took averages when appropriate
so we could have as large of a sample as possible for our regression analysis. The measurements of
SO, were taken on an hourly basis; to compute summary measures for a given day, we computed
means for that day.

To merge the air quality data into the ER admissions data, we used the following process. First,



means for all the monitoring stations on a given day in a given SES community. Table [Al]in the
appendix displays the mapping between the monitoring stations and the SES communities. We
did not use data from SES communities that had no monitoring stations. In total, we used data
from nine SES communities.

Unfortunately, we do not have complete time series for pollutants for all nine SES communities.
By far, we have the most comprehensive information for PM,.5 and, to a lesser extent, SO,. We
report summary statistics for the pollutants in Table [1]]

In Figures [4 through [6] we present graphs of the time series for each of the pollutants that we



Figure 4: PM,.5 by SES Community
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Figure 6: SO, by SES Community

Central Honolulu E. Kauai

o

Ewa Hilo/North Hawaii

Kona $. Hawaii
N

This article is protected by copyright. All rights reserved.



tional Oceanic and Atmospheric Association from their weather station at Honolulu International
Airport. These data are reported in degrees (rounded to the nearest ten) with zero corresponding
to the winds coming from due north. We summarize these data in the histogram in Figure[7] As
can be seen, the winds primarily come from the northeast. In fact, the mean wind direction is 92.3
degrees and the median is 70 degrees. However, we do see a cluster of data between 120 and 180
which re ects that occasionally the winds do come to O‘ahu from the south. When this happens,
the volcanic emissions from K lauea are blown to the island of O*ahu, not out to sea. Travel time
from K lauea to O*ahu depends on wind strength, exact direction, and the location of the plume
0 shore. According to [Tofte et al.| (2017): \The straight-line distance from the vents to Honolulu
is about 350 km. A typical wind speed between 4 and 10 m/s would give the vog plume 10 to 24 h
to reach Honolulu.”™ This travel time could be shorter if the plume is sitting o shore directly south

of O‘ahu due to recent northeast winds (as depicted in Figure [3).

Figure 7: Histogram for Wind Direction Data
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We conclude this section by reporting summary statistics from the HHIC data for all the SES
Communities for which we have air quality information in Table [I. An observation is an SES
community/day. For all the SES communities we consider, we see that, on an average day, there
were 4.01 admissions for cardiovascular reasons, 5.00 admissions for pulmonary reasons, and 1.98
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admissions for fractures in a given region. Total charges for cardiovascular-related admissions
are $5159.18 per day, whereas pulmonary-related admissions cost a total of $4204.16. Finally,

note that these amounts correspond to what the provider charged, not what it received, which,



attempt to construct a sensible denominator for each of these days. Second, regional xed e ects



We would argue that SO, levels in South Hawai‘i are unrelated to most causes of particulate
pollution on O‘ahu other than, of course, vog. It is also important to say that, in unreported
results, we found no direct e ects of SO, on pulmonary outcomes and, so, it appears as if using
SO, levels from South Hawai‘i as an IV does not violate any exclusion restrictions. In addition, we
exploit the fact that most of the time trade winds from the northeast blow the volcanic emissions
out to sea and so, on days with trade winds there is very little vog. However, on occasion, the
winds reverse direction and come from the south and this blows the vog towards the island of
O‘ahu.

We restrict the IV estimations to the island of O*ahu since one of the aims of this work is the
estimate the health consequences of particulate pollution without being contaminated by other
pollutants. Using SO, pollution from the island of Hawai‘i (in conjunction with wind direction)
as an instrument for particulate pollution on O‘ahu provides us with a clean way of doing this.
Inclusion of regions on Maui or Hawai‘i in the estimations may have compromised this because these
regions may have had higher SO, concentrations due to their proximity to the volcanic eruptions.

Accordingly, our IV approach works as follows. The rst stage is

Pr = ¢+ 1502+ ;NE;+ 3502, NE;+ey )

where py is the particulate level (either PMyy or PM,:5) in any of the regions on O‘ahu at time
t, SO2; is the SO, level at time t in South Hawai‘i, NE; is a dummy variable indicating that the
winds at Honolulu International Airport are coming from the northeast (i.e. the wind direction
measurements take on values between 10 and 360 degrees: NE; is a dummy variable for wind
directions between 10 and 90 degrees), and , is a regional xed e ect. We do not include any
seasonality controls since there are no systematic seasonal patterns in volcanic emissions that are
also correlated with ER utilization and inclusion of these would greatly weaken the explanatory

power of the instruments. In the second stage, we then estimate

outcomey = fg + +"ir €))

little to no rain).
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using only ER utilization data from O‘ahu.

There is an important caveat to our results, which is that our OLS and IV estimates include


http://ltgov.hawaii.gov/emergency-information/important-information-about-vog/
http://ltgov.hawaii.gov/emergency-information/important-information-about-vog/
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table, we see a signi cant relationship between air quality and emissions in both periods. In fact,
the estimated coe cients are almost identical (0.00059 compared to 0.00055). This is reassuring
given that the level of emissions from the ERZ has been relatively constant over the two time
periods. It is only the summit source of emissions that has experienced the very large increase
since 2008.

Turning to PM,5 in the nal four columns, we still see signi cant e ects of volcanic emissions on

air quality in all four columns. Comparing emissions from the summit in 2000-2007 and 2008-2010



the correlation coe cient between CO and PM,s is 0.85 (see Mar et al.| (2000)). In our sample,
it is 0.0118. As evidence that SO,, PM
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e ects of PM,.5 in column 5, we see that the point estimate is 0.553, whereas the analogous OLS
estimate was 0.030, which is about 18 times larger. Accordingly, a one standard deviation increase
in PMy results in 2.6 additional hospitalizations per day; the corresponding number for PM,5 is
1.82. Finally, looking at the impacts on the log of admissions in columns 3 and 7, we see that a one

g=m? increase in PM;, and PM, is associated with a 5.7% and a 7.0% increase in admissions,

respectively. If we scale these numbers up by the respective standard deviations in PMy, and PM,5






admissions are contaminated by SO, that has migrated from the island of Hawai‘i to O*ahu.

In Table[9] we estimate a version of the rst stage in equation except that in lieu of either
PM,.5 or PMyq, we use SO, levels on O‘ahu as the dependent variable. Whereas the estimation of
the rst stage in Table [/| demonstrates the degree to which volcanic emissions creates particulate
pollution on O‘ahu, Table [9 indicates the degree to which the volcanic emission on the island of
Hawai‘i (as proxied by SO, levels on south Hawai‘i) are associated with SO, levels on O‘ahu. The
basic idea of this exercise is to test if it really is volcanic emission of SO, on the island of Hawai‘i
that get converted to particulates on O‘ahu that is driving our results.

We estimate all four speci cations from Table [9and we do not nd evidence that the volcanic
emissions from K lauea are raising SO, levels on O‘ahu. The coe cient on SO, is never signi cant
and always has the incorrect sign. In contrast, the coe cient estimates on SO, in Table [7] are
all positive and highly signi cant indicating a strong relationship between volcanic emissions from

K lauea and particulate levels on O‘ahu. Next, the interactions between wind direction and SO,



such as the very young and the very old. Because the di erent bins contain di erent numbers of
ages, these estimates will vary, in part, for purely mechanical reasons. So, to gain a better idea of

whether the e ects of pollution are higher for a given group, we report

(E ect)



that we are aware of that allow us to directly compare our resultsY| Those that do exist tend to

nd smaller e ects. (Ghosh and Mukherji| (2014) explore the impact of air pollution on children in
urban India. Their pollution measures vary fortnightly and they do not use a quasi-experimental
source of pollution variation; their identi cation strategy relies on using month and city xed e ects
along with other controls. Ghosh and Mukherji| (2014) nd that a one standard deviation increase
in PM,.5 is associated with a 6.01 probability points increase in the likelihood of a cough, and a 1
standard deviation increase in PMyq is associated with a 14.74 probability points increase in the
probability of a cough. The study closest to our own is probably Ward (2015), which nds strong
evidence for the detrimental e ect of particulate pollution for the respiratory health of children in
Ontario, Canada. Ward| (2015) nds that a one standard deviation change in particulate pollution

is correlated with a 4% increase in respiratory admissions. This occurs in an area where particulate



etc." Thus, one of the reasons we may be one of the few studies to observe both statistically and
economically signi cant e ects of particulates is that we have an instrument that a ects only one
pollutant. K lauea volcano does not emit carbon monoxide or nitrogen dioxide (which creates ozone
in the presence of sunlight).

Within the context of our nding a causal link between short-term variation in particulate pol-
lution and ER hospitalizations, it is interesting to note that of the six main \criteria™ pollutants
regulated by the EPA (carbon monoxide, nitrogen dioxide, ozone, sulphur dioxide, lead, and par-
ticulate pollution), particulate pollution and lead are the only pollutants without hourly air quality

standards. In terms of temporal frequency, the standards for particulate pollution are the least
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5 Conclusions

We have used variation in air quality induced by volcanic eruptions to test for the impact of SO,



References

Arceo-Gomez, Eva, Rema Hanna, and Paulina Oliva, \Does the E ect of Pollution on
Infant Mortality Di er Between Developing and Developed Countries? Evidence from Mexico
City," Economic Journal, 2016, 126 (591), 257{280.

Arellano, M., Panel Data Econometrics, Oxford: Oxford University Press, 2003.

Bharadwaj, Prashant, Matthew Gibson, Joshua Gra Zivin, and Christopher Neil-
son, \Gray matters: fetal pollution exposure and human capital formation,” Journal of the
Association of Environmental and Resource Economists, 2017, 4 (2), 505{542.

Businger, Steven, Roy Hu , Andre Pattantyus, Keith Horton, A Je Sutton, Tamar
Elias, and Tiziana Cherubini, \Observing and Forecasting Vog Dispersion from K lauea
Volcano, Hawaii," Bulletin of the American Meteorological Society, 2015, 96 (10), 1667{1686.

Camara, Jorge G and John Kenneth D Lagunzad, \Ocular ndings in volcanic fog induced
conjunctivitis,” Hawaii medical journal, 2011, 70 (12), 262.

Chan, Chang-Chuan, Kai-Jen Chuang, Wen-Jone Chen, Wei-Tien Chang, Chung-
Te Lee, and Chi-Ming Peng, \Increasing cardiopulmonary emergency visits by long-range
transported Asian dust storms in Taiwan,” Environmental Research, 2008, 106 (3), 393{400.

Chang, Tom, Joshua Gra Zivin, Tal Gross, and Matthew Neidell, \Particulate pollution
and the productivity of pear packers,” American Economic Journal: Economic Policy, 2016, 8
(3), 141{69.

Chay, Kenneth, Carlos Dobkin, and Michael Greenstone, \The Clean Air Act of 1970 and
adult mortality,” Journal of Risk and Uncertainty, 2003, 27 (3), 279{300.

Chay, Kenneth Y and Michael Greenstone, \The Impact of Air Pollution on Infant Mortality:
Evidence from Geographic Variation in Pollution Shocks Induced by a Recession,” The Quarterly
journal of economics, 2003, 118 (3), 1121{1167.

Chen, Yuyu, Avraham Ebenstein, Michael Greenstone, and Hongbin Li, \Evidence on
the impact of sustained exposure to air pollution on life expectancy from China’s Huai River
policy,"” Proceedings of the National Academy of Sciences, 2013, 110 (32), 12936{12941.

Clancy, Luke, Pat Goodman, Hamish Sinclair, and Douglas W Dockery, \E ect of air-
pollution control on death rates in Dublin, Ireland: an intervention study,” The lancet, 2002,
360 (9341), 1210{1214.

Currie, Janet and Reed Walker, \Tra c Congestion and Infant Health: Evidence from E-
ZPass," American Economic Journal: Applied Economics, 2011, 3 (1), 65{90.

Dockery, Douglas W, C Arden Pope, Xiping Xu, John D Spengler, James H Ware,
Martha E Fay, Benjamin G Ferris Jr, and Frank E Speizer, \An association between
air pollution and mortality in six US cities," New England journal of medicine, 1993, 329 (24),
1753{1759.

This article is protected by copyright. All rights reserved.



Durand, Michael and John Grattan, \E ects of volcanic air pollution on health," The Lancet,
2001, 357 (9251), 164.

Ghosh, Arkadipta and Arnab Mukherji, \Air Pollution and Respiratory Ailments among
Children in Urban India: Exploring Causality,” Economic Development and Cultural Change,
2014, 63 (1), 191{222.

Gibson, Barbara A, \A geotechniques-based exploratory investigation of vog impacts to the
environmental system on Hawai’i island.” PhD dissertation 2001.

Goldman, Gretchen, James Mulholland, Armistead Russell, Matthew Strickland,
Mitchel Klein, Lance Waller, and Paige Tolbert, \Impact of Exposure Measurement Er-
ror in Air Pollution Epidemiology: E ect of Error Type in Time-Series Studies,” Environmental
Health, 2011, 10 (61).

111, C Arden Pope, \Respiratory hospital admissions associated with PM10 pollution in Utah,
Salt Lake, and Cache Valleys,”™ Archives of Environmental Health: An International Journal,
1991, 46 (2), 90{97.

_ and Douglas W Dockery, \Health e ects of ne particulate air pollution: lines that connect,"
Journal of the air & waste management association, 2006, 56 (6), 709{742.

_ , Joel Schwartz, and Michael R Ransom, \Daily mortality and PM10 pollution in Utah
Valley," Archives of Environmental Health: An International Journal, 1992, 47 (3), 211{217.

_ , Majid Ezzati, and Douglas W Dockery, \Fine-particulate air pollution and life expectancy
in the United States,” N Engl J Med, 2009, 2009 (360), 376{386.

_, Richard T Burnett, Michael J Thun, Eugenia E Calle, Daniel Krewski, Kazuhiko
Ito, and George D Thurston, \Lung cancer, cardiopulmonary mortality, and long-term ex-
posure to ne particulate air pollution,” Jama, 2002, 287 (9), 1132{1141.

Ishigami, A, Y Kikuchi, S Iwasawa, Y Nishiwaki, T Takebayashi, S Tanaka, and
K Omae, \Volcanic sulfur dioxide and acute respiratory symptoms on Miyakejima island,"
Occupational and environmental medicine, 2008, 65 (10), 701{707.

Jayachandran, Seema, \Air Quality and Early-Life Mortality: Evidence from Indonesia’s Wild-
res," Journal of Human Resources, 2009, 44 (4), 916{954.

Knittel, Christopher R, Douglas L Miller, and Nicholas J Sanders, \Caution, drivers!
Children present: Tra c, pollution, and infant health,” Review of Economics and Statistics,
2016, 98 (2), 350{366.

Kunzli, Nino and Ira B Tager, \The semi-individual study in air pollution epidemiology: a
valid design as compared to ecologic studies.,” Environmental Health Perspectives, 1997, 105
(10), 1078.

Lleras-Muney, Adriana, \The Needs of the Army: Using Compulsory Relocation in the Military






respiratory symptoms and lung function in Hawai’i Island school children,”™ Environment inter-
national, 2016, 92, 543{552.

Tertre, A Le, S Medina, E Samoli, B Forsberg, P Michelozzi, A Boumghar, JM Vonk,
A Bellini, R Atkinson, JG Ayres et al., \Short-term e ects of particulate air pollution on
cardiovascular diseases in eight European cities,” Journal of Epidemiology & Community Health,
2002, 56 (10), 773{779.

Tofte, Kristine, Pao-Shin Chu, and Gary M Barnes, \Large-scale weather patterns favorable
for volcanic smog occurrences on Oahu, Hawaii," Air Quality, Atmosphere & Health, 2017, pp. 1{
18.

Ward, Courtney J, \It’s an ill wind: The e ect of ne particulate air pollution on respiratory
hospitalizations,” Canadian Journal of Economics/Revue canadienne d’economique, 2015, 48
(5), 1694{1732.

Zivin, Joshua Gra and Matthew Neidell, \Days of haze: Environmental information dis-
closure and intertemporal avoidance behavior,” Journal of Environmental Economics and Man-
agement, 2009, 58 (2), 119{128.

This article is protected by copyright. All rights reserved.



"sasayjualed Ul SUOIIRIABD pJepuels pue suesll s1iodsy :Sa1oN

(ze'LTyT) (e5°1) (€T°09%¢€) (eze) (L¥'8T0V) (s¥'2) (969)  (og€) (¥2°9)

00°2TST 86'T 9T v0ZY 00°G 8T'6STS 10 62°E 259 ¥0°9T v
(Qraraya)) (16°1) (¥8°£.26¢) (st°¢) (80'v80%) (L2 (0L°¢)

69°9E.LT 12°¢ ¥0°29€9 121 G9'GZT9 vl } 9g°L } NINJOUOH 1S9\
(60°2EVT) (Tr'T) (19°5£22) 2z (zg'syve) (102 (61°9) (¥G2)

V8 v6YT eL'T 10°28Y2 9z°¢ 16°266¢ TT°E } 179 TP°0C | INeN [edusd /1S9
(s6'970T) (ot'1) (¥9°'6v22) (¥02) (0t°'9£82) (18'1) (eeer)  (18Y)

Gy 0v8 oT'T £G'6/£2 96°C 8/'8/0€ 87'C 82'TT ARG } I,lemeH yinos
(teeTvT) (sv'T) (16'T292) (62 (0L°792¢) (06'T) (toy) (889

97°009T v6'T TV EvLE TV G/ 99y 80°¢ 961 86°GT } V()Y
(05°€81T) (ee1) (T12°€6L2) (zs2) (89°'78G¢) (Lz'2) (z6°9) (ST'Y) (ss°€)

29'82TT 99T 08'665¢ el XM TALS ey 182 6T°G 09'TT | I,lemeH YroN/ojIH
(8¢°961T) (69°1) (£6°756¢5) (9g°¢) (T€°0SLY) (892 900 (6672 (0L9)

GE'006T 99°C 6€°82£9 197, 12'8T2L 9¢°'G 0.0 6y 6T°GT em3
(Lv'156) (T171) (v1-€e22) (s8'1T) (v6°€5¢2¢€) (19°17) ory) (62 }

117206 9T'T L1 TY0E 0T'e L1'8¥SY /ST 112 ¥8'G } reney| 1seg
(58'195T) (19'1) (86'729¢) (z6'2) (0T'¥SEY) (15°2) (czo0)  (ze2) (TL'7)

T.°2S6T v’z TE°E€70G s 8T'vEE9 Gy 29°0 Gy G8'eT NINJOUOH [eAus)
(FZ'vLET) (9s°1) (60°020¢) (06°2) (06°€€.€) (se2) (172 (19°9)
22'809T G2'C 0£'2E6E 00°G 68°G00S 1A% } LEY €591 A1D |aead/esiy
sefueyD suoissiwpy  ssbieyd  suolssiwpy  sebreyd  suoissiwpy | qdd ur cw=6 ur w=6 ul
sainjoeid Areuownd Je|nasenolpied <0S SCINd OTINd

eleqd uonezijelidsoH pue JueInjjod 1o} sa1Isie1S Arewwng T ajgel

This article is protected by copyright. All rights reserved.



uonnjjod a1ejnaned uo (Aep/suol) ¢OS Jo SUOISSILIT JIUBDJOA JO S109 3 :Z 9|gel



[9A3] %T 8yl Je Jued [ubis

*sB0| 10 S|ana] Ul Jayua sabaeyd 1o suoissiwpe HY3 SI a|gelden
juapuadap ayl s1exdeuq ul paldodal si anjea-d s11 pue 043z 01 wins sjqeleA uonnjjod pabbe| pue snosuriodwaluod ayl JO WNS 3yl Jeyy 1se1 e
S1159)-4 8y ‘sasayluated ul paliodad aue S10448 pJepuels 3sspn-AameN “ssiluwinp Jesk pue ‘yauow ‘Aep ‘uoifbal spnjoul SUOIIBWILSS || :S810N

‘|9N3] %G 8yl 1e ed 1ubis

‘]an8] %0T 8y 1e Jued 1ubis

TS.YT GY/LT TS.¥T GY/.T 66821 698€T 6682T 698€T LN
[zL02°0] [000°0] [28TT°0] [000°0] 1591 -4
(9€00°0) (s0'8) (0£00°0) (zov)
2000°0 89°€T ¥700°0 €9 T 1
(££00°0) (9200°0) (€1'8) (ov'9) (2€00°0) (5200°0) (787, (0'7)
0700°0 2500°0 1T'8¢ 19'EY 8500°0- G700°0- 68°TT L9°ET |
sabieyd
vi8yT 1€8.T 8T TE8LT £€6¢T 206€T £E6¢T 206ET LN
[£700°0] [000°0] [sozz o] [000°0] 1591 -4
(€700°0) (200°0) (8000°0) (500°0)
0000°0 L00°0 8000°0 600°0 T 1
(€100°0) (0100°0) (200°0) (900°0) (6000°0) (£000°0) (500°0) (¥00°0)
8£00°0 9£00°0 G200 0£0°0 2000°0 9000°0 2100 GT0°0 |
SUOISSIWPY
sbo S|ana sbo S|ana
(s1ana) un) SeNd (sener un) °FNd
® ) 9 (9 | ) € @ (1)

Sowi0d31NO \CGCOC‘__D.H_ uo saje|ndilied JO S1de 3 G 9|geL

T  9¥€0°0- 2€02'0 L9200 8600 “ON
T 09500 718000 8TT00 0)0)
T LE60'0  L¥OP'0 °0S
T L¥250  O'Nd
T SNd
‘ON 020 ‘OS  9ANd  SCNd

XIIJRAl UoIIe|a440D uoinjjod ¥ ajgel

This article is protected by copyright. All rights reserved.



[9A3] %T 8yl Je Jued 1ubis

‘so|qelieA snouaboxa papnjoxe ayl Jo aoued 1ubis
qutol ay1 Jo 1se1 ® SI 1S8] -4 3yl 'sasayjuaded ul psriodal ade SI04I9 paepuels 1S9AN-ABMaN salwwinp uoifal sapnjoul SUOIIBWISA || :S910N
‘[9A3] %SG 8Y3 Je Jued 1ubis

'lan8] %0T 8Yy1 e Jued 1ubis

G6T9 G6T9 G6T9 G6T9 ¥189 ¥189 ¥189 ¥189 IN
v9'vT OT'ET 18'82 vS'6C 8z 668 9.1 or'8T 1s91-4
SoA ON ON ON SOA ON ON ON Sslwwing JesA
SOA SOA ON ON SOA SOA ON ON Sslwwng YjuonN
SoA SoA SoA ON SoOA SoOA SoA ON Sslwwing X9°/\ Jo >®D
(10°0) (10°0) (10°0) (10°0) (zo0) (zo0) (zo0) (zo0)
€0°0- €0°0- €0°0- £0°0- €0°0- €0°0- €0°0- €0°0- aN  %0S
(10°0) (10°0) (10°0) (10°0) (20°0) (10°0) (20°0) (z00)
€00 ¥0°0 ¥0°0 ¥0°0 G500 90°0 90°0 90°0 °0S
(61°0) (0z'0) (0z'0) (0z'0) (Lz0) (8z°0) (62°0) (0g0)
85°0- 9%'0- 20'T- 20'T- 210" 210" 12'T- £2'1T- | (spum ApisiseayrioN) IN
mnm_\/_n_ OH_\/_n_
(8) () (9) @ | W () @ (1)
sabe1s 1sdi4 sHnsay Al :L 3|qel
_m_ a|qel Jad :S810N
Z86VT  G96/T | 9£0ST  ¥00VT IN
[229°0] [gev 0] 1591 -4
(¥00°0) (€00°0)
£00°0 €000 T 1
(v00'0) (c00°0) | (€00'0) (200°0)
00000 2000 | TOO'0  £00°0 |
SN TN 7
1) () @) O

$84N19eJ 10} SUOISSILUPY UO Sa1e

nolLied Jo S109 3 :S1S8] 0Qade|d :9 9|qel

This article is protected by copyright. All rights reserved.



's19yoeIq Ul pariodal si anfea-d s1| "3|gelIeA puIM syl YlIM UOIIdBISIUI S1I pue OS JO oued 1ubis
utofl ayy Jo 1sa1 B SI 1Sa1-4 3yl ‘sasayjuased ul paliodal aJe S10413 prepuels 1S9N-ASMaN “saIlWwNP uolBal apnjoul SUOITRWISS ||V :SS10N

[9A3] %T 8yl 1e Jued 1ubis {JoA3] %G BUl 1B Jued 1UbIS  {|aA8] 9%40T 9yl 1e Jued I1ubls

£eov £e9y £eoY £e9Y IN
[559¢°0] [862€°0] [266T°0] [686T°0]

T0'T 1T 19'T 29T 1s91-4

SOA ON ON ON Ssslwwing JesA

SoA SoA ON ON Sslwwing YluolAN

SOA SoA SOA ON Sslwwing Xas/\ Jo >mm_
(z00°0) (200°0) (200°0) (z00°0)

£00°0 £00°0 ¥00°0 ¥00°0 aN  %0S
(z00°0) (200°0) (z00'0) (z00°0)

200°0- 200°0- 200°0- 200°0- °0S
(9v0°0) (8v0°0) (Lv0°0) (Lv0°0)

09Z°0- £v20- 00 GOE'0- (spuim Aj4a1seayrioN) IN

(v) () @) (1) |

Nye,0 Uo QS Uo I,lemeH JO pue|s| 8yl wolj <OS Jo S199 3 8y} Jo Salewnsq SO 6 d|qel

“Jepiwis aJe safureyd Buisn suolssaibal ayy
W04 SO1ISIIeIS-H 8y} ‘suolssiwpe Buisn sabels 11 ay) wody s1IsIIels- 4 ays 14odal Ajuo apn “sajqersen snouaboxs papnjoxa ayl Jo aoued 1ubis
juiol ayy Jo 1591 ® SI 1591 -4 8yl -sesayjuated ul paliodal aJe SI0.I9 pepuels ISepN-AameN selwwnp uolfad apnjoul SUOIIBWIISS || :S910N

[9A3] %T 8yl 1e Jued 1ubis {JoA3] 94G BUl 1B Jued 1UbIS  {|aAd] 9%40T 9yl 1e Jued I1ubls
G119 G619 G119 G619 7 6.9 7189 6L.9 7189 1IN
¥5°6¢ or'81 1s31 -4
(510°0) (170°0) (G2'LL) (280°0)
1900 0,00 10°L€€ €590 - - - - SINd
(510°0) (010°0) (es72L) (€L0°0)
- - - - 2800 LS00 8e'TEE 8T¥'0 TINd
sbo S|ane] sbo S|ane]
sabieyd SUOISSILPY sabieyd SUOISSILPY 7 sabieyd SUOISSILPY sabieyd SUOISSILPY
(8) () (9) ©)) | (%) (e) (@ ) |

SaW021NQO Aseuow|nd uo sayejnained Jo 1oedw| syl :synssy Al 8 ajgel

This article is protected by copyright. All rights reserved.






	Background and Data
	Methods
	Volcanic Emissions and Pollution
	Results
	OLS Results
	IV Results
	Mechanisms
	Results by Age
	Comparison with the Literature

	Conclusions
	Attenuation Bias
	Robustness Checks
	Additional IV Results



