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Abstract This paper critically appraises the extrapolation of concentration‐response functions (CRFs)
for fine and coarse particulate matter, PM2.5 and PM10, respectively, used in outdoor air pollution health
impact assessment (HIA) studies to assess the extent of health impacts in communities exposed to volcanic
emissions. Treating volcanic ash as PM, we (1) consider existing models for HIA for general outdoor
PM, (2) identify documented health effects from exposure to ash in volcanic eruptions, (3) discuss potential
issues of applying CRFs based on the composition and concentration of ash‐related PM, and (4) critically
review available case studies of volcanic exposure scenarios utilizing HIA for outdoor air pollution. We
identify a number of small‐scale studies focusing on populations exposed to volcanic ash; exposure is rarely
quantified, and there is limited evidence concerning the health effects of PM from volcanic eruptions. That
limited evidence is, however, consistent with the CRFs typically used for outdoor air pollution HIA. Two
health assessments of exposure to volcanic emissions have been published using population‐ and
occupational‐based CRFs, though each application entails distinct assumptions and limitations. We
conclude that the best available strategy, at present, is to apply outdoor air pollution risk estimates to
scenarios involving volcanic ash emissions for the purposes of HIA. However, due to the knowledge gaps on,
for example, the health effects from exposure to volcanic ash and differences in ash composition, there is
inherent uncertainty in this application. To conclude, we suggest actions to enable better prediction and
assessment of health impacts of volcanic emissions.

1. Introduction

Health impact assessment (HIA) is a linked set of approaches and tools for estimating, in advance of their
occurrence, the implications for human health of proposed policies, programs, actions, or events.
Generally, it includes making recommendations about how favorable health effects can be amplified,
adverse consequences reduced, and equity improved (WHO, 1999). HIA also has been used to estimate
the burden of mortality and disease attributable to an environmental factor at a point in time; the methodol-
ogy is particularly well developed in relation to outdoor air pollution (Cohen et al., 2017). In volcanic set-
tings, airborne, respirable emissions (ash particles, aerosols, and gases) could potentially affect human
health, but there is limited epidemiological evidence from this context (Gudmundsson, 2011; Hansell &
Oppenheimer, 2004; Horwell & Baxter, 2006), and detailed exposure measurements from such events are
rarely available. Thus, civil protection and public health agencies may need to rely on extrapolations from
other evidence when estimating health risks to communities.

As a significant proportion of outdoor air pollution sources are anthropogenic, ambient concentrations may
be lessened by widespread behavior and policy change to reduce emissions, such as the encouragement of
public transportation and active travel (e.g., walking, cycling) and the reduction of private car use
(Nieuwenhuijsen & Khreis, 2016). These source prevention efforts are clearly not possible for volcanic emis-
sions; therefore, it is important to understand potential health risks and to minimize population exposure
through intervention, when necessary, which could be assisted by HIA methods. Yet, there are many sub-
stantive issues to consider before undertaking HIA of a volcanic eruption and, if deemed appropriate to
do so, when interpreting results. Foremost is the absence of ash‐specific concentration‐response functions
(CRFs), due to the lack of detailed exposure assessment and the sparsity of powerful context‐specific epide-
miological studies. This dearth of data is compounded by the uniqueness of ash characteristics, which can
vary by individual eruptions, and across volcanoes.
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Additionally, ashfall from explosive eruptions can disrupt life over exten-
sive populated areas in two main ways that may overlap, both of which
provide challenges to the application of general air pollution HIA meth-
ods. First, single, large eruptions can result in blanketing of settlements
in deep deposits of ash, which can create disastrous air pollution episodes
capable of bringing normal living to a halt for days or weeks, due to the
resuspension of ash by wind and vehicles. The daily ambient airborne
concentrations of particulate matter of <2.5 μm (PM2.5) and PM10 during
such an episode are much higher than those encountered normally from
traffic and other common outdoor sources, and may greatly exceed regu-
latory air quality standards for particles, while being time limited, with
natural rainfall and weathering processes, as well as official clean‐upmea-
sures, removing the deposits from inhabited areas (Moore et al., 2002;
Searl et al., 2002). Special measures to protect human health and reduce
exposure until the ash deposits have been removed include, as well as
ash clearance, advice to stay indoors for vulnerable groups and mask
wearing, with special attention being given to adults and children with

preexisting respiratory conditions (see www.ivhhn.org). Recommendations to evacuate impacted areas,
for at least the most susceptible groups, may be needed.

The second scenario is when smaller eruptions have intermittent, or continuous, emissions of lesser
amounts of ash that may affect air quality for months (and even longer) while a volcano remains active,
but without bringing transport and other essential functions to a standstill. Ground deposits may accumu-
late in the absence of, for example, daily cleaning of ash from streets and areas around houses. People will
try to maintain normal activities as much as possible under these conditions, but questions may arise about
the long‐term health risks from this more prolonged or chronic exposure to the moderately elevated average
ambient concentrations of PM10 and PM2.5, based on the now well‐recognized morbidity and mortality
effects from epidemiological studies from anthropogenic sources of particulate matter (PM) (World Health
Organization (WHO), 2013b).

This paper will address the application of HIA in both scenarios, the latter of which hitherto has not been
adequately addressed at any volcanic eruption, to our knowledge. HIAs could provide practical information
in advance, to assist local health officials with preparing and mitigating adverse population health effects
from volcanic eruptions. For short‐term exposure to high ambient concentrations from a given eruption,
completing a relatively basic HIA could help estimate the required health resources under different eruption
and exposure scenarios, as well as to inform thresholds of evacuation. In the long‐term (e.g., continuous
eruptions and/or persistent ash resuspension), HIAs with more sophisticated modeling may be needed to
determine potential health effects over a lifetime of exposure. This was done previously for volcanic silicosis
risk, which is the development of lung fibrosis from the inhalation of crystalline silica dust (Hincks
et al., 2006), and potentially for reduced life expectancy from PM2.5 exposures (e.g., Apte et al., 2018).

Given these acute and chronic exposure scenarios, we discuss the challenges of assessing associated health
impacts using the following approach: (1) consider existing models for HIA for general outdoor PM; (2) iden-
tify documented health effects from exposure to ash in volcanic eruptions; (3) discuss potential issues of
applying CRFs based on the composition and concentration of ash‐related PM; and (4) critically review
available case studies of volcanic exposure scenarios utilizing HIA for outdoor air pollution before suggest-
ing recommendations to generate stronger evidence, specific to volcanic localities, to improve the applica-
tion and precision of HIA estimates.

2. HIA of Outdoor Air Pollution

The scientific process of an outdoor air pollution HIA is simplified by the fact that key relationships link
ambient concentrations directly with human health (leading to CRFs; WHO, 2013a, 2013b) rather than
being mediated through such complexities as the distribution of individual exposures or pharmacokinetic
modeling of internalized dose, as is the case for some other exposures (e.g., butadiene, toluene, dioxins,
and xylene; Sarigiannis et al., 2011). CRFs are based on Relative Risks (RRs) generated from

Figure 1. Schematic diagram of HIA of outdoor air pollution (adapted from
Hurley & Vohra, 2010, their Figure 2).
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epidemiological studies, which indicate the percentage increased risk per increment of ambient pollution.
As an example, aggregated (meta‐analysis) results indicate a CRF of 1.062 for all‐cause mortality in popula-
tions subject to long‐term exposure to PM2.5 (i.e., a 6.2% increased risk for each 10 μg/m3 increment of
annual average PM2.5 concentrations; Hoek et al., 2013). For a more complete list of CRFs, see
WHO (2013a: 5–11).

HIA of outdoor air pollution is, in principle, a simple model with four component parts, as summarized dia-
grammatically in Figure 1, comprising relevant measures of the following:

1. Baseline and increase or decrease of the pollutant(s) of concern (e.g., PM2.5);
2. Population exposed to that pollutant (the “population at risk”);
3. Background rates of mortality/morbidity in the population at risk (i.e., the rates to which the percentage

changes attributable to the pollutant [CRFs] are applied); and
4. CRF(s) to be used, which are typically expressed as a percentage change per unit of pollutant, linking var-

ious aspects of pollution with aspects of mortality and morbidity.

While the above components may be readily available for outdoor air pollution HIAs, in other circumstances
(e.g., a volcanic context), input data may be nonexistent or sparse and, therefore, may need to be estimated
using available sources of information. We provide, in Appendix A, a more general background for HIA in
the context of outdoor air pollution. The additional challenge presented by ash containing respirable crystal-
line silica and the associated risk of silicosis is described in Baxter et al. (2014).

3. Health Effects From Exposure to Volcanic Ash

Investigating the health impacts of a volcanic eruption is fraught with challenges, including outward and
variable migration, and anxious populations and officials which, ultimately, can lead to biased information
and results (Baxter et al., 2014). Health studies of ash exposure commenced, in earnest, with the Mount St.
Helens (USA) eruption in 1980. Since then, available studies have identified mostly reversible, short‐term
respiratory outcomes, with less clear‐cut results in longer‐term research, where few such studies have been
undertaken, and where the majority of the studies were carried out prior to the development of the more
recent research on CRFs for fine PM. A limited number of studies on mortality have been carried out, which
have been predominantly in Japan, though these studies have had insufficient power and other methodolo-
gical weaknesses to be able to provide compelling evidence of increased risks (Horwell & Baxter, 2006). The
erratic nature and relatively short timeline (e.g., days to months) of most volcanic eruptions render it diffi-
cult to establish a long‐term cohort study, or at least one with chronic exposure, which contrasts to the con-
tinuous duration of exposure addressed in outdoor air pollution research (e.g., Pope et al., 2002). Instead,
some studies have attempted to follow up individuals exposed at a point in time, as discussed below. A more
comprehensive review can be found in Horwell & Baxter (2006).

Within the population at risk, individuals in specific subgroups may be particularly vulnerable to the health
effects of volcanic ash inhalation, particularly those with respiratory conditions, such as asthma or bronchi-
tis. The Mount St. Helens (USA) eruption in 1980 led to monthlong elevated concentrations of PM10 ranging
from 30–100 μg/m3 for nonoccupational exposures and 50–570 μg/m3 for occupational exposures (Bernstein
et al., 1986). A study of individuals with symptomatic asthma and acute bronchitis, and healthy controls,
from communities heavily impacted by the eruption, supported the a priori hypothesis that preexisting
respiratory diseases are important risk factors for adverse respiratory reactions to volcanic ash (Bernstein
et al., 1986). Similarly, after the 2004 eruption of Mount Asama in Japan, a survey of 236 asthmatic adults
found 43% experienced exacerbations, compared to 8% in an unexposed control area; those cases with more
severe asthma did not experience such changes, as these individuals apparently tended to reduce their expo-
sure by staying indoors with closed windows (Shimizu et al., 2007).

The Mount St. Helens, Soufrière Hills (1995 to ongoing; Montserrat), and Sakurajima (1955 to ongoing;
Japan) eruptions are among the few volcanic contexts where numerous epidemiological and clinical studies
have been conducted, including a limited number of long‐term follow‐up studies. After 4 years of follow‐up,
loggers working in the vicinity of Mount St. Helens were deemed to have normal lung function (Buist
et al., 1986); follow‐up was not continued beyond that period. After Soufrière Hills had been erupting inter-
mittently for over 2 years, Forbes et al. (2003) conducted a survey of 440 schoolchildren and identified that
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the prevalence of wheeze in children aged 12 years and under was three to four times greater in those who
had ever been heavily or moderately exposed to volcanic ash, compared to those exposed only to low levels.
Once it became apparent that this specific volcano may erupt for years, with high cristobalite (crystalline
silica) levels (Baxter et al., 1999; Horwell et al., 2003), a long‐term probabilistic health risk assessment was
undertaken for early radiological signs of silicosis, which calculated up to a 4% lifetime risk for some outdoor
occupational groups (particularly gardeners) and in children (Hincks et al., 2006). Cross‐sectional studies of
towns near Sakurajima have identified no (Uda et al., 1999) or small (Yano et al., 1990) increases in respira-
tory diseases in chronically exposed areas. An ecological study reported higher levels of mortality over
35 years in a smaller town closer to the volcano relative to that in larger urban centers further away
(Higuchi et al., 2012), though it is not possible to infer from the study if the differential mortality is attribu-
table to exposures to the volcanic emissions, environmental, occupational, social, or some other
exposure/characteristic differing among the study sites.

Eyjafjallajökull volcano, Iceland, erupted for 6 weeks in spring 2010. Two short‐term health studies were
completed in the weeks (Carlsen et al., 2012) and months (Carlsen et al., 2012) following the event.
Concentrations of PM10 exceeded the World Health Organization (WHO) 24‐hr average limit of 50 μg/m3

on 25 days during summer and autumn in that year. In the exposed population, half of all adults with asthma
(n = 13) and all children with asthma (n = 5) experienced exacerbated symptoms shortly after the eruption
(Carlsen et al., 2012). Six to nine months following the event, the exposed population was found to be more
than twice as likely to experience symptoms as those unexposed, including tightness in the chest, cough, and
phlegm (Carlsen et al., 2012). An additional follow‐up survey was completed in 2013 (Hlodversdottir
et al., 2016), which found a continued increase in symptoms of wheezing and phlegm in the most exposed
group; such increases over time were not observed in their children (Hlodversdottir et al., 2018).

A summary of selected studies of volcanic ash exposure and health, including and extending those listed in
the preceding discussion, is presented in Table 1 (further detail on each study is provided in Appendix B).
These studies illustrate (mainly) respiratory risks in the short and medium terms from exposure to volcanic
ash; exposure concentrations and any risks of chronic disease development are still poorly understood. This
overview indicates, similar to particulate air pollution, that volcanic ash is likely a respiratory hazard, but
that there is insufficient evidence to quantify overall health risks, due to a dearth of research. The upshot
is that these studies in no way provide sufficient evidence for development of a volcanic‐specific CRF for
application in HIA; therefore, concentration‐response relationships from the most relevant analog exposure
scenarios would need to be used instead. In the proceeding section, we discuss those of outdoor air pollution.

4. Application of Outdoor Air Pollution HIA to Volcanic Ash: Challenges

To undertake an HIA for volcanic eruptions, there are a number of significant challenges that must be
addressed relating to the issues identified in Figure 1 (i.e., CRFs, background rates of disease (e.g., cardior-
espiratory hospital admissions), and pollutant concentrations).

4.1. CRFs

Here we assess whether it is possible to use urban air pollution‐derived CRFs as a proxy and examine the
potential issues that need to be acknowledged before applying these methods. The main issues are that (i)
the composition of PM from natural sources, such as volcanoes, may be very different to that of urban air
pollution, and so the toxicity also may be distinct; and (ii) the concentrations experienced, at least in the
short‐term, may be very high and outside the range of ambient PM levels for which the urban CRFs have
been developed.

PM in outdoor air pollution is a mixture varying in composition by time and place. A review of 419 source
apportionment datasets of urban ambient PM2.5, published during 1990–2014, generated the following glo-
bal averages: 25% traffic, 15% industrial activities, 20% domestic fuel burning, 22% unspecified anthropo-
genic sources, and 18% from natural dust and salt (Karagulian et al., 2015). Similarly, the composition of
dusts from volcanic eruptionsmay vary according to the chemical and physical properties of a given eruption
and level of adsorption of volcanic, atmospheric, and anthropogenic elements (Damby et al., 2013; Durant
et al., 2010; Horwell et al., 2013; Tomašek et al., 2016, 2018, 2019). While PM composition and toxicity are
likely to vary by source, the evidence concerning how components affect toxicity, and to what extent, is
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not yet established. As such, WHO expert groups, and others
(COMEAP, 2015; U.S. EPA, 2010; WHO, 2013a), maintain that it is
not appropriate to quantify health impacts attributable to specific
PM sources, although there may be differences in the resulting health
effects, but the evidence to allow quantification of these is not yet
available. In other words, for HIA of outdoor air pollution, it is recom-
mended that health risks from PM2.5 be treated equivalently per unit
exposure, regardless of source and composition. Nevertheless,
research is ongoing to address this knowledge gap and examine PM
speciation and, with the exception of elemental carbon, more
evidence is still needed to attribute heightened or reduced risks to par-
ticular constituents of air pollution (Adams et al., 2015; Basagaña
et al., 2015; WHO, 2013b). With respect to components of volcanic
ash, the content of crystalline silica, particle size and surface area,
and surface chemical composition and structure may all affect its
bioreactivity, all of which depend on its eruptive origins (Hillman
et al., 2012; Horwell et al., 2012; Horwell & Baxter, 2006) (see
Figure 2); nevertheless, the general recommendation from various
expert groups still applies.

Few studies have tried to tease apart health effects from volcanic ash and anthropogenic PM. An early exam-
ple took place, serendipitously, in Montana, where 120 schoolchildren had their lung function measured
before and after the Mount St. Helens eruption. No substantial difference was observed post‐eruption,
though a decrease in lung function was apparent from subsequent exposure to relatively lower concentra-
tions of urban air pollution (Johnson et al., 1982). More recently, an in vitro study using a multicellular lung
culture found combined exposure to volcanic ash and diesel particles produced a greater, but minimal,
pro‐inflammatory response than to that from ash alone (Tomašek et al., 2016), though a follow‐up study
with gasoline exhaust found no such effect (Tomašek et al., 2018). Cardiorespiratory hospital admissions
in Iceland were elevated on days of high PM10 concentrations (>50 μg/m

3) caused by volcanic ash, but were
only borderline significant after adjustment for such days (Carlsen et al., 2015).

A further complication related to differing PM composition is that volcanic ash tends to be coarser than
urban air pollution (i.e., it contains a lower proportion of PM2.5). An analysis of 63 deposited ash samples
found the mean ratio of sub‐2.5 to sub‐10 μm diameter particles to be 0.23 (Horwell, 2007). This contrasts
with the higher ratios of PM2.5:PM10 typically identified for airborne urban air pollution (e.g., 0.65 for studies
in Europe; WHO, 2013a), though proportions of ground‐deposited and airborne PM fractions may differ.
Still, a potential overestimation may result of the health impacts from ash if based on CRFs for urban air
PM10, given the smaller proportion of PM2.5 in volcanic ash; this is because PM2.5 entails more particles
and surface area per unit mass and, importantly, a greater health risk per μg/m3 than PM10 (Lu et al., 2015).

Regarding ash concentrations, it is likely that, at least temporarily (and in some cases for months or years;
Hincks et al., 2006), PM concentrations in the short‐term resulting from volcanic eruptions would be much
higher (e.g., 24‐hr mean PM10 concentrations of 1,230 μg/m3 recorded after the 2010 Eyjafjallajökull
eruption; Thorsteinsson et al., 2012) than those typical for outdoor air (e.g., <50 μg/m3; Basagaña et al., 2015)
in North American and European cities (i.e., the locations where most studies of outdoor air pollution have
been conducted and, thus, the source of CRFs for estimating health effects). This matters because, typically,
CRFs for health effects of outdoor PM in North America and Europe are effectively linear at low concentra-
tions whether for acute exposures (i.e., daily variations in ambient PM, as used in time series and panel stu-
dies) (WHO, 2013b) or chronic exposures (i.e., annual average PM, as used in cohort studies) (WHO, 2013a).
Unless there are continual eruptions and/or minimal ash removal efforts resulting in ongoing airborne ash,
exposures due to volcanic ash will be elevated for periods typically on the order of <6 months. In estimating
resultant health impacts, this duration necessitates aggregating the effects of short‐term exposure (daily var-
iations) and/or adapting the effects of long‐term exposure (annual average concentrations), to an intermedi-
ate time period. Aggregating estimated daily effects when ash concentrations are abnormally high for a
sustained period, however, might exaggerate potential health effects of repeated short‐term exposures.

Figure 2. Ash from the eruption of Mount St. Helens, 18 May 1980. The
scanning electron microscope image shows how ash particles are blocky and
angular with diameters down to the submicrometer level.

10.1029/2020GH000256GeoHealth

MUELLER ET AL. 6 of 19



This is due, in part, to mortality displacement, that is, deaths in those who would have otherwise died in the
very near term (Costa et al., 2016), and consequent depletion of the population most at risk.

An alternative for the calculation of impacts using long‐term CRFs might be to apply the average concentra-
tion from the eruption episode as an annual average, then adjust downward the calculated estimates to
match the actual time period (e.g., halving for 6 month exposures); comparing these twomethods might pro-
vide a potential range of estimated effects. To further complicate ash exposure assessment, patterns of expo-
sure arising from volcanic eruptions also differ from those on which the outdoor air pollution CRFs are
based, with most of an individual's exposure arising from resuspension of volcanic ash deposits by wind
and traffic and being highly dependent on the individual's activity within the affected area and measures
that they might take to reduce exposure (e.g., wearing a facemask). Nevertheless, despite the discrepancy
between the recorded ambient PM concentrations in volcanic and urban air pollution studies, the expert
committees do not include an upper exposure limit for the application of CRFs (COMEAP, 2015; U.S.
EPA, 2010; WHO, 2013a). Ultimately, the potential higher exposure settings and unique particle character-
istics of volcanic ash will introduce additional uncertainty into the HIA process but, based on the best cur-
rently available information, these factors do not entirely preclude the use of outdoor air pollution CRFs to
quantify health impacts related to volcanic ash exposure.

4.2. Background Rates of Health Outcomes

WHO guidance on conducting HIA for outdoor air pollution recommends the separate calculation of mor-
tality from short‐ and long‐term exposure to PM2.5 (WHO, 2013a). In addition to excess deaths, the
WHO (2013a) suggests to include the following short‐termmorbidity outcomes: all‐cause mortality, hospital
admissions for cardiovascular and respiratory disease, restricted activity days, work days lost, and incidence
of asthma symptoms in asthmatic children. While these morbidities might be the most relevant health end-
points, detailed, routine surveillance and baseline health data are unlikely to be readily available or, at least,
not at the local level. Also, there are issues in the transferability of corresponding CRFs for a given outcome,
depending on healthcare systems and work patterns (e.g., for restricted activity days; Hunt et al., 2016).
Examples of studies using available hospital surveillance data occurred after the 1980 Mount St. Helens
(USA) (Baxter et al., 1981; Baxter et al., 1983) and 2000 Guagua Pichincha (Ecuador) (Naumova et al., 2007)
eruptions. The latter documented a roughly doubling of respiratory admission rates for respiratory causes,
evidencing the particular sensitivity of young children to ash exposure.

Many volcanoes are situated in parts of the world with poor healthcare facilities and where medical data are
difficult to acquire; in this case, equivalent national data (the WHO publishes age‐standardized national
mortality rates; WHO, 2015) may be the best available background data from which to calculate health
impacts. If local baseline health data are not available, depending on resource availability, initiating a simple
health surveillance system associated with volcanic ash exposure (e.g., hospital admissions and healthcare
facility attendance) would be a useful first step for tracking both short and long‐term health trends, not least
for improving the precision of future HIA work. The International Volcanic Health Hazard Network (www.
ivhhn.org) has recently developed protocols for such studies, to facilitate rapid deployment of surveillance
and the conduct of comparable studies (Mueller et al. 2020).

4.3. Pollutant Concentrations

For HIA, it is necessary to assess the incremental increase in pollutant concentrations from a given event,
not just the absolute values at some point in time. At present, there are few monitoring stations surrounding
active volcanoes. If stations exist, theymay provide reliable baseline information, depending on themonitor-
ing equipment used and its upkeep, as well as increases in concentrations during ashfall and subsequent
resuspension. If ambient monitors are located in urban areas, background concentrations would reflect
urban air pollution, though the incrementally higher readings following an eruption may reflect the contri-
bution of volcanic PM (as seen in Gordian et al., 1996; Carlsen et al., 2015), with the increased concentrations
used as inputs to the HIA. If monitors do not exist, it would be advisable to install equipment to measure PM
concentrations to quantify the transient increased exposure concentrations, but often this does not happen.
Once the ashfall event ends, exposure to ash may not fall correspondingly if it is still present in the environ-
ment (Baxter et al. 2014; Horwell & Baxter, 2006). In that case, the resuspension of ash may lead to signifi-
cant, prolonged exposure to potentially harmful concentrations of PM, which could be up to threefold higher
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for smaller children than adults (Horwell et al., 2003). This continued exposure would intensify the contri-
bution from individual behaviors and microenvironments, thus leading to the potential for exposure mis-
classification if using ambient PM concentrations in HIAs for volcanic scenarios. Nevertheless, in the
absence of any air quality monitoring, best estimates for airborne concentrations could be based on expert
judgment or modeling, based on experiences during other eruptions (e.g., Horwell et al. 2013; Moore
et al. 2002; Searl et al. 2002), but use of urban PM concentrations may not be relevant.

To improve predictions fromHIA and to take account of uncertainties in the findings, it would be of value to
account for scenarios that may impact exposures on a population level. The overall extent and expediency of
clean‐up activities, or lack thereof, as well as the large‐scale provision, and/or widespread ownership, of
facemasks as well as other exposure reduction interventions such as staying indoors, could significantly
increase or decrease concentrations to which the population is exposed; however, this will depend on the
specific setting (e.g., homes in tropical, low income countries may be designed to optimize ventilation, thus
providing less protection). These scenarios can be addressed by changing exposure assumptions in an HIA,
particularly those that may be quantified, such as reduced ash exposure fromwearing respiratory protection;
reductions would depend on the amount and type ofmasks distributed to the population (Steinle et al., 2018),
as well as the likelihood of uptake of such protection in communities (Covey et al., 2019).

5. Case Study Applications of Analog HIA to Volcanic Eruptions and Other Air
Pollution Crises

To our knowledge, there is only one published HIA (Schmidt et al. 2011) and one health risk assessment
(Hincks et al. 2006) for acute and chronic exposures, for volcanic emissions. It was not an aim of this paper
to present a new case study, and indeed we do not have the relevant exposure, population, and morbidity data
to do so. Instead, we discuss the key inputs of each of these assessments, in the light of the literature review and
discussion so far, to help illustrate the possible approaches for an HIA of a given eruption scenario.

Schmidt et al. (2011) reported anHIA to estimate the excessmortality in Europe if the 2004 population, with its
demographic structure and baseline air pollution levels, experienced a future Icelandic eruption similar to the
Laki high impact sulfur gas‐dominated volcanic fissure eruption in 1783–1784. The course of the eruption was
simulated using the Global Model of Aerosol Processes (GLOMAP) to estimate the magnitude, altitude, and
timing of the release of volcanic SO2, which subsequently formed aerosolized sulfate (H2SO4). Sulfate PM2.5

is a component of general urban PM2.5, but is clearly different in composition, surface properties, and solubility
from other components, such as directly emitted diesel PM. Nevertheless, in line with the recommendations of
expert groups, Schmidt et al. (2011) based their HIA on published CRFs for PM2.5 derived from urban air pollu-
tion epidemiological studies, although in the accompanying informal assessment of uncertainties, they asserted
that existing evidence suggested that sulfate aerosols are likely to cause greater health effects (on a mass basis)
per μg/m3 than other aerosol components (Pope & Dockery, 2006). It is true that, if sulfate aerosol rather than
PM2.5 is used as an indicator of the urban air pollution mixture, then higher coefficients (per μg/m3) will be
found for sulfates than for PM2.5, simply because the same mixture effect is being represented by a pollutant
(sulfate aerosol)which is part of PM2.5 and sohas lower average concentrations. This does not imply that sulfate
aerosols causemore health effects, on amass basis (i.e., per μg/m3) than other aerosol components. Indeed, tox-
icological evidence suggests that pure sulfate aerosols are, in isolation, relatively inert, but theymay potentiate
the effects of, or be amarker for, other pollutants (WHO, 2013b: p. 19). From the viewpoint of the present paper,
the important point, however, is that CRFs from urban air pollution epidemiology were used to quantify the
health effects of a different kind of PM2.5, from a volcanic eruption.

Schmidt et al. (2011) estimated the effects of the volcanic eruption using CRFs for both short‐term exposures
(daily average PM2.5) and long‐term exposures (annual average PM2.5). Short‐term CRFs for daily all‐cause
mortality were based on the mean effect from several time series studies, equating to a 0.96% increase per
10 μg/m3 of PM2.5. Long‐term CRFs for excess cardiopulmonary mortality were adopted from the
American Cancer Society cohort (Pope et al., 2002), based on a 6% increase, assuming a logarithmic exposure
function to “flatten” the response curve at higher ambient concentration levels. Using WHO background
rates of all‐cause and cardiopulmonary mortality across Europe, and population estimates from the
History Database of the Global Environment (Goldewijk, 2001), it was estimated that a similar volcanic
event to the Laki eruption would result in between 139,000 (95% CI 51,000 to 224,000) and 144,000 (95%
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CI 53,000 to 232,000) excess cardiopulmonary deaths from long‐term (1‐year) exposure to volcanic PM2.5

across Europe, depending on the meteorology. In practice, the actual timing of these deaths would not all
occur within 1 year because some deaths would be delayed, for example, U.S. EPA (2011) and
COMEAP (2010) both use the same lag time, spread unevenly over a 20‐year period. For aggregate shorter
term (daily) exposure, between 27,500 (95% CI 22,600 to 32,200) and 30,100 (95% CI 24,800 to 35,300)
all‐cause deaths were estimated over the 266 days of predicted elevated exposures following the eruption.

Hincks et al. (2006) reported a comprehensive assessment of lifetime risks related to long‐term exposure to crys-
talline silica‐rich respirable volcanic ash from the ongoing eruptions of the Soufrière Hills volcano in
Montserrat, which commenced in 1995. Exposure to PM10 was modeled using a limited number of exposure
measurements taken on the island during 1996–1999 and combinedwith synthetic time series data for volcanic
activity, rainfall, ash deposition, and erosion using Monte Carlo simulation methods. Numerous assumptions
were required to project exposures and calculate risks over an extended period of time: height above ground
(relevant for children's exposure to resuspended ash; Horwell et al. 2003), meteorological and possible eruption
conditions, and the fraction of cristobalite (crystalline silica) in PM10, an important characteristic of ash that is
less relevant for urban PM, were but a few important inputs. Where model parameters could not be estimated
empirically, expert elicitation methods were used, pooling best estimated (upper and lower) exposure values
from a number of experts, which also weighted the level of knowledge of each expert. Similar methods of expo-
sure estimation could be applied to HIA in other volcanic eruption scenarios if relevant exposure data are not
available. Estimates of silicosis risk in workers and other population groups were calculated using CRFs based
on comparable exposures from studies of occupational populations (diatomaceous earth workers; Hughes
et al. 1998). Based on the Hincks et al. (2006) assessment, the median risk of silicosis for an average adult after
20 years' continuous exposure ranged from 0.5% to 1.6% across regions of Montserrat. The occupational group
with the highest exposure to ash was gardeners, where risks ranged from 2% to 4%.

While there aremany uncertainties in the results of these studies, including those already described in applying
CRFs from urban air pollution (or other sources; e.g., occupational studies as in the latter example) in the con-
text of volcanic ash, these studies are not unique. Other published HIAs, too, have applied urban air pollution
CRFs to other exposure scenarios. For example, Goudarzi et al. (2017) used short‐termCRFs for PM10 based on
a meta‐analysis of urban air pollution time series studies (Anderson et al., 2004) to estimate excess respiratory
mortality and hospital admissions from dust storms in Iran. Kollanus et al. (2017) quantified short‐term deaths
from PM2.5 originating from forestfires in Europe, basingCRFs on results of an epidemiological study of 112 U.
S. cities that found a 0.98% nonaccidental mortality increase per 10 μg/m3 of PM2.5 (similar to that used by
Schmidt et al., 2011; Zanobetti & Schwartz, 2009). As with the current discussion for volcanic ash, these two
HIA studies applied urban air pollution‐based methods and CRFs to exposures involving mainly
non‐anthropogenic PM sources. In summary, the case studies examined above demonstrate both the feasibility
and usefulness of applying analog CRFs for the estimation of potential health impacts in the context of volcanic
eruptions and other air pollution episodes. Application of such analogs certainly allows simulation of the scale
of what clearly has the potential to be a major public health event.

6. Conclusions and Recommendations

The ability to perform HIA either in advance of, or following, an eruption, given an approximation of the
potential concentrations and geographical extent of exposure, could be advantageous in providing quantita-
tive information to help manage the situation, especially given the inherent difficulties in carrying out any
level of healthmonitoring, data collection or basic scientific research during a volcanic crisis (due to immedi-
ate humanitarian needs requiring priority). However, the volcanic ash evidence base is currently too limited
to undertake an HIA with ash‐specific CRFs. A number of short‐term studies, with varied methods, indicate
ash to be a probable respiratory hazard, but the generally crude characterization of exposure, varied ash
characteristics and toxicological properties, studies of small groups, inconsistent methodologies, and varying
definitions of health effects restricts any quantitative comparisons with the CRFs used in outdoor air pollu-
tion HIAs. Although follow‐up of those exposed to a significant volcanic event at a point in time would be
valuable, calls for study of impacts from long‐term exposure are likely to remain largely unheeded, due to
the inconsistent nature of volcanic activity and the challenge of following dynamic populations over years
and potentially decades.
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As the best available strategy at this time, and adopting a precautionary approach, this review concludes that
it is reasonable to apply outdoor air pollution risk estimates to scenarios involving volcanic ash‐PM emis-
sions and, in the absence of robust evidence indicating otherwise, to do so with the same range of associated
health endpoints. However, due to the knowledge gaps on the health effects from exposure to volcanic ash
and to differences in ash composition and pathways of exposure, there is inherent uncertainty in this appli-
cation. Meanwhile, local health authorities and researchers should continue to investigate which, if any, and
to what extent, indicators of short‐term health (e.g., hospital admission rates) are increased after actual erup-
tion episodes. Studies should obtain better exposure data to refine respiratory and other risks, as well as
ascertain information on an expanded set of health outcomes, such as cardiovascular endpoints. We have
summarized in Table 2 the key points to consider when completing an HIA of volcanic ash exposure based
on air pollution CRFs.

Additionally, we suggest the following actions to better prepare local authorities to predict and assess health
impacts of a volcanic event using HIA methods:

1. Establish background rates of disease in areas surrounding volcanoes. Set up health surveillance systems to
track associated health effects in populations exposed to ashfall or identify background rates of important
health outcomes (e.g., respiratory diseases) in populations likely to be affected.

2. Improve exposure assessment. If possible, set up air quality monitors or sensors near volcanoes to record
PM10 and PM2.5 or, at a minimum, examine options for monitors to be set up during ashfall events.

3. Validate HIA estimates. Document observed health impacts following an eruption episode through sur-
veillance and epidemiological studies to compare with HIA outputs.

Finally, to supplement the findings of an HIA, actions could be taken to identify those likely to be at most
risk from a volcanic eruption, for example, those more highly exposed to the ash (through measuring indi-
vidual exposures, activity patterns, and infiltration of ash into housing, offices and schools) and monitoring
of those more vulnerable to the effects of the ash (children, individuals with preexisting disease, migrant
workers, etc.).
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Appendix A: An Introduction to HIA and Outdoor Air Pollution

A.1 What Is HIA?

HIA is the name given to a linked set of approaches and tools for estimating, in advance of their occurrence,
the implications for human health of proposed policies or programs. Here, “implications” includes not only
both favorable and unfavorable consequences for human health, but also how those consequences are dis-
tributed across the population (i.e., the implications for health inequalities/health equity). Generally, it also
includes making recommendations about how the favorable health effects can be amplified, adverse conse-
quences reduced, and equity improved (WHO, 1999).

Table 2
Key Points to Consider Prior to Undertaking HIA of Volcanic Ash Exposure

HIA component Key considerations

1. Pollution sources Is the ash emission duration likely to be acute or chronic?
How can PM concentrations from ash be estimated?
Is exposure likely to occur from (i) ashfall, (ii) resuspension of ash, (iii) clean‐up/occupationally, and/or (iv) another pathway?

2. Population at risk What size of populated area will likely be exposed?
Will any exposure reduction activities be undertaken (e.g., evacuation, use of facemasks, remaining indoors)?

3. Background health data Are baseline levels of respiratory (and other) diseases available for the population at risk?
4. Concentration‐response
functions

Are the concentrations of ash to which the population is exposed within the range of ambient PM concentrations on which CRFs
are based?
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One established and widely used definition of HIA is “A combination of procedures, methods and tools by
which a policy, program or project may be judged as to its potential effects on the health of a population, and
the distribution of those effects within the population” (WHO, 1999). The term “HIA” is sometimes also used
to include estimating the burden of mortality and disease attributable at a point in time to an environmental
factor (i.e., to answer the question “How big is the problem?”) rather than simply for estimating the likely
health consequences of doing something about it—see for example., COMEAP (2010) for a description of
the difference and for its implications for quantification.

A.2 Is HIA Principally a Scientific Project or a Social Process?

HIA is necessarily both a scientific project and a social process; the extent to which one predominates
depends in on the resources available to do it. These resources include the “state of the art” of science in
the relevant areas linking environmental and social factors with health, the knowledge of the HIA team,
the knowledge and willingness to engage of those potentially affected by the policy, program, project, or
event (from now on, we will refer to “event”), the availability of relevant “local” data, the difficulties of mod-
eling how the event may affect the environment and other factors, the time and money available to do the
work, and the degree of accuracy and precision needed for that particular application.

Given that the purpose of an HIA is to inform planning for how to deal with an event should it occur, and
what measures may be effective in supporting health and health equity, it may be that a “light touch” HIA
will inform the planning process sufficiently. In these circumstances some well‐prepared workshops with
key stakeholders, followed by wider consultation, may be what are needed. Major events, actually or poten-
tially affecting a large number of people to a significant extent, may require more comprehensive modeling
and analysis with associatedmore detailed scientific assessment within a framework where both the purpose
of the HIA, and the level of detail needed, are determined largely by stakeholders (e.g., Briggs, 2008, for a
model of how these can interact).

Either way requires not only interdisciplinary working of scientists from various backgrounds, but transdis-
ciplinary collaboration of scientists with a wider stakeholder group and public. In our experience an appro-
priate balance can be achieved if (a) it is recognized from the outset that both aspects (and their
interrelationship) are essential, and appropriate arrangements for collaboration put in place from the outset;
and (b) if the HIA is carried out iteratively, with if needs be several iterations, from initial “framing the ques-
tion” and screening to identify the broad set of issues that may need to be addressed, through a “light touch”
HIA, or through various levels of more detailed assessment.

In summary then, HIA can be and is:

• A scientific challenge, an expert‐driven assessment of health effects, often but not always quantitative, with
a view to informing policy development. This is especially so where the evidence base is strong regarding
the relevant determinants of health, and the extent to which they affect mortality and morbidity. In this
context “success” is a good estimate, and one that is useful and used in the development of policy.

• A social process, a way of involving stakeholders in the decision process, of “giving a voice to the voice-
less”. From this viewpoint “success” is effective engagement with and influence on the decisions to be
made, and in particular with a view to finding better solutions for health and health equity. This is rele-
vant whether or not the underlying evidence is strong or quantified, though emphasis on HIA as a social
process tends to be strongest when the scientific evidence base is limited or qualitative.

In practice, both aspects are essential and need to be integrated. For a more comprehensive discussion of all
of these issues, see, for example, Hurley and Vohra (2010).

A.3 HIA of Air Pollution—Overview of the Component Parts

The scientific process of an air pollution HIA is simplified by the fact that key relationships link ambient
concentrations directly with human health (to give CRFs) rather than being mediated through the distribu-
tion of individual exposures, or indeed through pharmacokinetic modeling of internalized exposure, dose
and effect, as is the case for example for BTDX (butadiene, toluene, dioxins, and xylene; Sarigiannis
et al., 2011).
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Consequently, HIA of outdoor air pollution is in principle fundamentally a simple model with four compo-
nent parts, comprising relevant measures of

1. Estimate of the increase or decrease of the pollutant(s) of concern (e.g., PM2.5, O3), that is to be evaluated;
2. Population exposed to that pollutant (the “population at risk”);
3. Background rates of mortality/morbidity in the population at risk (i.e., the rates to which the % changes

attributable to the pollutant are applied); and
4. CRF(s) to be used, which are typically expressed as a % change per unit of pollutant, linking various

aspects of pollution with aspects of mortality and morbidity.

This process has been summarized diagrammatically in Figure 1 in the main article.

Figure 1 Shows also a possible further step, in aggregating health impacts across various kinds of adverse
effects. In order to do this, the various impacts need to be converted into a common “currency.” Typically,
this is done using monetary valuation of mortality and morbidity, or following conversion to disability
adjusted life years (DALYs).

A.4 Interrelationship of the Four Component Parts

While each component part has its own complexities—see later for CRFs—the complexity with which each
of these components needs to be addressed depends in part on the other components also. Thus, for example,
if a CRF has different values according to age, or gender, or socioeconomic status, or health status of the
population, then in order to include this complexity in the analysis it is necessary that demographic data
(specifically population size and background rates of morbidity or mortality) be available, or estimated, in
corresponding detail. Similarly, the pollution metric underlying the CRF (e.g., for daily variations, 24‐hr
average or 8‐hr daily max or 1‐hr daily max pollution) must be the same as, or translatable from, the metric
used for pollution modeling. Analyses where CRFs are linear allow for simplifications which are not work-
able with nonlinear CRFs, including those with thresholds.

There are in practice many examples like this where linkage between the components is important—once
again see, for example., Hurley and Vohra (2010). Not all of these are readily identifiable at the outset.
They will however become obvious if an iterative approach is taken to the conduct of the HIA, and this
we strongly recommend.

A.5 Some Examples of HIA of Outdoor Air Pollution

HIA of (changes in) air quality is the particular arena where environmental HIA (EHIA—those aspects of HIA
that are mediated through changes in the environment) is most strongly established, both methodologically
and in terms of practical applications for the development of policy. This is partly because (as outlined above)
the underlying HIA model is relatively simple. Also, there has in the past 30 years or so been an enormous
amount of research on air pollution and its health effects, and so the various component parts can be quantified
more reliably than inmany other areas of application; and quantification helps the integration of HIA into pol-
icy development, for example through cost‐benefit analysis of policy options. And finally, both the extensive-
ness of research and the translation into policy are driven by the very substantial public health effects of
outdoor air pollution, estimated recently as causing over 4 million deaths annually (Cohen et al., 2017).

The fundamental framework for HIA of outdoor air pollution was developed initially by Bart Ostro
(Ostro, 1994), in the context of burden of disease worldwide, but drawing on an evidence base for CRFs
dominated by studies in North America and Europe. Greatest methodological development and most wide-
spread use in the intervening 20+ years has been with a view to policy applications in North America and
Europe. Much of the methodological development has related to updating of CRFs in the light of extensive
new knowledge and understanding of air pollution and health, especially from epidemiological studies in
North America and Europe, and consequently with greatest ease of application in those regions also.
There was associated development of HIA methods also, notably with the application of life table methods
when quantifying the effects on mortality of policies that reduce (or increase) long‐term exposure (Miller &
Hurley, 2003).
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The burden of disease (BoD) work, initially of WHO (World Health Organization, 1996), has been another
main source of methodological development (Mathers et al., 2009). While once again drawing on epidemio-
logical studies principally in North America and Europe, the BoD work has been intentionally focused on
applications worldwide. This has led to very significant methodological developments in CRFs (Burnett
et al., 2014) and in estimation of pollutant concentrations (Shaddick et al., 2018), and so is especially signif-
icant for applications to volcanic eruptions in Mexico, Japan and Indonesia. There also is an increasing base
of air pollution HIAs in countries of Central and Latin America, and in Asia—see Hunt et al. (2016).

For a recent review of resources, especially computer packages, for HIA of outdoor air pollution, see, for
example, Anenberg et al. (2016).

A.6 CRFs—Typical Pollutant‐Outcome Pairs

In 2012–3, WHO in Europe led two linked projects, HRAPIE (WHO, 2013a), and REVIHAAP (WHO, 2013b)
and which together led to HRAPIE's recommendations for HIA of air pollution in Europe. These recommen-
dations consisted of (i) a set of pollutant‐outcome pairs, and associated CRFs, for the three key pollutants
PM2.5, ozone and NO2; and (ii) for sources of background rates of mortality and morbidity, for the various
health outcomes identified. As is usual nowadays with HIAs of air pollution, HRAPIE's recommendations
included CRFs relating both to short‐term exposures (i.e., the effects of daily variations in air quality, as iden-
tified via time series and panel studies) and longer‐term exposures (i.e., the effects of long‐term exposure to
pollution, characterized as annual average concentrations close to residence, and identified via cohort
studies).

Again as is typically the case, there was a wider range of pollutant‐outcome pairs for short‐term exposures
than for longer‐term ones. The health outcomes where HRAPIE considered that the evidence of effects of
daily variations in pollution was strong enough to merit quantification included mortality and hospital
admissions for cardiovascular and respiratory disease. For longer‐term exposures HRAPIE recommended
quantification of mortality in relation to PM2.5, ozone and NO2. Each CRF was classified as less, or more,
uncertain, according to the strength of the underlying evidence base. The wider range and lesser uncertainty
of pollutant‐outcome pairs for short‐term exposures identified by HRAPIE (WHO, 2013a) reflects the greater
body evidence from time series and panel studies, which in turn reflects that they are easier to conduct,
including being less resource‐intensive, than cohort studies of longer‐term exposures. It is however well
established (e.g., Cohen et al., 2017), that much the greatest public health impacts arise from the effect on
mortality of long‐term exposure to air pollution characterized as PM2.5.

In the Global Burden of Disease (GBD) project, Lim et al. (2012) used a smaller set of CRFs for HIA of out-
door air pollution worldwide. They focused in particular on the mortality effects of long‐term exposure to air
pollution, characterized as annual average PM2.5. For this, they used cause‐specific rather than all‐cause
mortality, specifically (list the causes)—it was necessary to use cause‐specific CRFs when transferring rela-
tionships from cohort studies in the USA for use in countries where there is a quite different mixture of
causes of death. In Europe however the mixture of causes of death is sufficiently similar to that in the
USA that all‐cause mortality can be and is used for quantification (WHO, 2013a).

GBD included just one pollutant‐outcome pair, that of PM2.5 and lower respiratory infections in children, to
help quantify the effects of outdoor air pollution on morbidity. Hunt et al. (2016) considered what, if any,
further pollutant‐outcome pairs could be used for quantification in OECD countries specifically, but in prac-
tice worldwide, and made some recommendations.

It is clear that, to some extent, the choice of CRFs depends in part on where the target population is located,
and depends also on the judgment of the team doing the HIA analysis. There is no “one size fits all” formula
such a quantification. Nevertheless, resources such as those listed above can and should be considered for
quantification of the health effects of volcanic ash.

Appendix B: Summary of Studies Examining Exposure to Volcanic Ash and
Health Effects
Table B1 expands on the studies presented in Table 1.
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