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Abstract

One of the hazards of volcanic eruptions is the emission of gas and aerosol into the
atmosphere, which can cause damage to the environment and human health as well as
impacting climate. Emissions from effusive volcanic eruptions and passively degassing
volcanoes typically remain in the troposphere where they are advected by the wind and
can cause deterioration to air quality across a downwind region. Of the emitted gases,
sulfur dioxide (SO2) is often highly concentrated with respect to the background atmo-
sphere and has important air quality and environmental consequences. Over time after
emission from the volcanic source, SO2 may be converted to sulfate aerosols through
atmospheric processes, leading to additional air quality concerns with an increase in
fine particulate matter (PM).

This thesis aims to characterise the SO2 and PM air quality in regions downwind of
tropospheric volcanic emissions. Three study sites are examined; Kı̄lauea volcano on the
Island of Hawai‘i, Masaya volcano in Nicaragua and Fagradalsfjall volcano in Iceland.
The SO2 and PM concentrations in the downwind regions are monitored using highly-
accurate reference-grade air quality instruments, and a variety of lower-cost miniaturised
sensors. Low-cost sensors are increasingly used for air quality measurements, and in this
thesis I investigate their effectiveness for monitoring in volcanic environments. Low-
cost sensors are used at Masaya volcano as a first-attempt to establish an air quality
monitoring network. At Kı̄lauea volcano, a long time-series of SO2 and PM data is
examined to determine air quality deterioration during a period of extremely heightened
volcanic activity. At Fagradalsfjall volcano, the impact of a small eruption in proximity
to densely-populated areas is examined and the population exposure to volcanic SO2

is estimated using a plume dispersion model. These studies increase the knowledge of
SO2 and aerosol dispersal from volcanic sources, especially for those communities in the
affected areas.
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2.6 Hawai‘i Department of Health ambient air quality stations and community-
operated PurpleAir instruments along the western region of the Island of
Hawai‘i selected for analysis in this study. [A]: distribution of publicly-
owned PurpleAir instruments, indicated by blue stars with reference num-
bers, distribution of Kona and Ocean View HDOH stations indicated by
green circles. PurpleAir instruments within 10 km radius of Kona HDOH
station indicated by dashed yellow circle. [B,C,D]: 24-hour average mass
concentration measurements from 20 PurpleAir instruments during the
2018 LERZ eruption; [E]: 24-hour average PM2.5 from BAM instruments
at Kona and Ocean View HDOH ambient air quality stations during the
2018 LERZ eruption. [F] Size and morphology of the PurpleAir instru-
ments, seen from the front (left image) and side (right image). Photos
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2.7 PurpleAir and HDOH PM2.5 comparison. (A) two PurpleAir instruments
co-located with Kona HDOH station; (B) one PurpleAir instrument co-
located with Ocean View HDOH station. (C) comparison of all PurpleAir
instruments along the western region of the Island of Hawai‘i compared
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3.1 SO2 emissions from Santiago crater, Masaya volcano, from 1979 to 2020.
Black dashed line indicates initiation of gas crisis in May 1993. Grey
shaded area indicates the AQMesh downwind measurement period (this
study) from February to August 2017. SO2 emissions data sourced from
Aiuppa et al., 2018; Burton et al., 2000; Delmelle et al., 2002; Galle et al.,
2003; Global Volcanism Program, 2021; Mather et al., 2006; Nadeau and
Williams-Jones, 2009; Stoiber et al., 1986; Williams-Jones et al., 2003. . 82

3.2 Topographic map of Masaya volcano and the AQMesh sampling stations
with heights in metres above sea level (asl) for sampling stations and
Masaya’s Santiago Crater. Upper left inset indicates the wind rose re-
ferring to 948 metres asl for the period February to August 2017, data
derived from ECMWF forecast meteorological data. The red shaded
area indicates prevailing plume dispersion, graphically presented from
the most frequent (76%) wind direction derived from ECMWF data at
948 metres asl. Lower left inset indicates geographical position of Masaya
volcano. Base topographic map from Krogh, 2021. . . . . . . . . . . . . 83

3.3 Issues with AQMesh pod corrosion and maintenance. (A) corrosion of
metal installation mounting bracket is more advanced in measurement
stations more frequently impacted by the volcanic plume; (B) corrosion
as a result of the volcanic plume is fast-acting. AQMesh pod 1733150
installed at El Panama with new metal fittings, padlock and chain (B1)
shows obvious signs of corrosion after 14 days (B2); (C) mounting board
for the electrochemical sensors with signs of corrosion on the electrode
pins for one of the sensors; (D) an AQMesh internal computer board
which controls the sensors showing signs of corrosion with one of the
board battery units disconnected. . . . . . . . . . . . . . . . . . . . . . . 90

3.4 Forecast meteorological data for Masaya volcano. (A) Wind rose for the
period February to August 2017 at 900 hPa, with an average geopotential
height of 948 m ± 113 m. Wind direction is predominantly from the
ENE and E. Data are derived from ECMWF forecast and are displayed
as the direction the wind is blowing from. (B) Comparison between the
ECMWF 900 hPA wind direction data and the wind directions derived
from the satellite imagery over Masaya volcano. . . . . . . . . . . . . . . 94
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3.5 Satellite imagery obtained from the USGS Landlook viewer, annotated
with plume trajectories indicated by white dashed lines. The source point
(Masaya volcano’s Santiago crater) is visible with the lava lake. AQMesh
measurement stations are indicated with black circles and labelled as
follows: ElC - El Crucero; P - Pacaya; ElP - El Panama; R - Rigob-
erto; SJ - San Juan. Plume is visible by semi-linear feature of white
condensing clouds initiating from the source point, often interspersed
with blue-tinged haze which is likely due to the particulate component.
(A) 13th March 2017 where the plume moves initially towards the south-
west before the trajectory alters towards the west. Plume width is ap-
proximately 1.5 km. (B) 30th March 2017 where the plume moves west
with a wide lateral spread of approximately 3 km within the first 4 km
from the source point. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

3.6 Scatter plot matrix of PM1 and PM2.5 results from co-location of AQMesh
pods for eleven days in July 2017, all data are in hourly averages. PM1 re-
sults are displayed in the ten plots in the upper triangle with data plotted
in blue. PM2.5 results are displayed in the ten plots in the lower triangle
with data plotted in purple. All data presented have been processed with
the correction factor outlined in Section 3.2.4. . . . . . . . . . . . . . . . 97

3.7 Co-location of 43i SO2 analyser and two AQMesh pods at El Crucero
measurement station. Comparisons of SO2 measurements between (A)
43i analyser and the SO2 electrochemical sensor in the 712150 AQMesh
pod; (B) 43i analyser and the SO2 electrochemical sensor in the 703150
AQMesh pod; (C) SO2 electrochemical sensor in the 712150 AQMesh pod
and the SO2 electrochemical sensor in the 703150 AQMesh pod. Com-
parisons and data presented here are the peaks in data, near-baseline
measurements were removed as they were within the baseline noise fluc-
tuations of the AQMesh sensors. Measurements from the 43i analyser
have been corrected to remove baseline drift and to account for 18%
underestimation as indicated by post-fieldtrip calibration. . . . . . . . . 98
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3.8 Electrochemical SO2 measurements from the five AQMesh stations. (A-
E): timeseries of hourly-average electrochemical SO2 measurements over
the six-month experiment period. Periods of missing data result from
lack of power due to corroded battery connectors or batteries remain-
ing uncharged after four weeks. Corrupted data resulting from failure of
the SO2 electrochemical sensors caused extreme SO2 peaks and troughs
as seen in C, D and E. Red dashed line indicates 0 ppb line. Blue out-
lines indicate time-periods for F-J. (F-J): 1-month excerpts from the SO2

timeseries at each AQMesh station, indicating periods of data with no
extreme peaks and troughs. Blue dashed line indicates 20 ppb, the lower
limit used for identifying periods of simultaneously enhanced SO2 to PM. 100

3.9 PM2.5 measurements from the five AQMesh stations. (A-E): timeseries
of hourly-average PM2.5 measurements over the six-month experiment
period, with all results corrected for humidity using the method outlined
in Section Section 3.2.4. Periods of missing data result from lack of power
due to corroded battery connectors or batteries remaining uncharged
after four weeks. Blue outlines indicate time-periods for F-J. (F-J): 14-
day excerpts from the PM2.5 timeseries at each AQMesh station. SO2

measurements for the same time-period indicated by the red data-line,
with corresponding scale on the right-hand y-axis. Correlation between
PM2.5 and SO2 for the excerpt period is indicated in the top-right corner
of each plot. Time-periods for the 14-day excerpts were chosen where
PM2.5 and SO2 data were both available (with no extreme SO2 peaks or
troughs), and where there were simultaneous elevations of SO2 and PM,
if available. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

3.10 Efficiency of AQMesh pods at recognising VAPE derived from satellite
and ECMWF data at three measurement stations. The frequency of
VAPE-likely periods at the measurement station is indicated by the black
bar, and frequency of simultaneous enhancement of SO2 and PM AQMesh
measurements are indicated by the blue, green and pink bars. Only pe-
riods where the AQMesh instrument was functional are considered here.
Results are split into VAPE-likely periods derived from ECMWF fore-
casts and from satellite imagery. Percentages noted on each coloured
bar indicate the proportion of how often that the AQMesh pods recog-
nised VAPE derived from the relevant meteorological data. San Juan
and Pacaya AQMesh stations are not displayed as no simultaneous en-
hancement of SO2 and PM were found at these stations. . . . . . . . . . 104
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3.11 Efficiency of AQMesh pods at recognising VAPE at three measurement
stations. Black bars indicate frequency of VAPE-likely conditions at
the measurement station, as derived from both ECMWF and satellite
data, during periods when the AQMesh pod was fully-functional. Yel-
low hatched bars indicate frequency of VAPE-unlikely conditions at the
measurement station, as derived from both ECMWF and satellite data,
during periods when the AQMesh pod was fully-functional. Percentages
noted on each coloured bar under VAPE-likely conditions indicate the
proportion of how often that the AQMesh pods recognised VAPE by
means of simultaneous enhancement of SO2 and PM. Percentages noted
on each coloured bar under VAPE-unlikely conditions indicate the pro-
portion of how often that the AQMesh pods gave a disagreement-positive
result and falsely indicated VAPE. San Juan and Pacaya AQMesh sta-
tions are not displayed as no simultaneous enhancement of SO2 and PM
were found at these stations. . . . . . . . . . . . . . . . . . . . . . . . . . 105

3.12 Range of PM concentrations at El Crucero, Pacaya, El Panama, Rigob-
erto and San Juan measurement stations under VAPE-likely (brown box-
plots) and VAPE-unlikely (blue box-plots) conditions. Note the loga-
rithmic y-axis scale on the left-hand graphs and linear y-axis scale on
the right-hand graphs. VAPE-likely or VAPE-unlikely conditions are as
identified by ECWMF forecasts and satellite imagery. Data plotted are
hourly averages across the entire measurement period. . . . . . . . . . . 107

4.1 The Fagradalsfjall eruption, Iceland. (A) View of an eruptive vent with
lava fountaining into an active lava channel. Photo taken on 2nd May 2021.
(B) Lava fountaining at active vent with view of previous vents, inac-
tive at the time of photo capture, in the background. Photo taken on
5th May 2021. (C) View of the eruption across the fresh lava field (in the
foreground). The volcanic plume is clearly visible from the erupting vent.
Photo taken on 10th July 2021. All photos taken by Melissa Pfeffer, IMO. 133
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4.2 Distribution of AQ monitoring stations around Iceland. The location
of the Fagradalsfjall eruption is indicated by the red triangle [G1 inset]
and eruption-response (ER) SO2 stations are indicated by yellow stars.
Reference-grade AQ monitoring stations have the following symbols: yel-
low circles indicate monitoring of SO2, black cross indicates monitoring
of PM10, black X indicates monitoring of PM2.5, black square outline
indicates monitoring of PM1. Monitoring stations are lettered, and time-
series of measurements at each station are available in the Appendix. Kó-
pavogur Dalsmári AQ station, used for point-analysis of the CALPUFF
dispersion model and for determining the frequency of plume grounding
from satellite imagery, is shown by the filled blue octagon. Bústaðave-
gur AQ station, used for determining contributions of particle sizes, is
shown by the filled blue circle. The basemap shows the topography of
Iceland, sourced from Landmælingar Íslands, the National Land Survey
of Iceland. AQ stations are separated into groups [G1 to G7] defined
by their region, with enlarged views of the individual air quality groups
shown in the inset maps. Inset G1/W shows a rose of wind conditions
between 23rd March to 19th September 2021 at the eruption site. Wind
directions are shown as the direction of provenance. Data retrieved from
a meteorological station installed close to the Fagradalsfjall eruption site,
providing wind conditions at 4.5 m above ground level. . . . . . . . . . . 136

4.3 Examples of Sentinel-5p satellite imagery. The red triangle indicates the
location of the Fagradalsfjall eruption, the green star indicates the loca-
tion of Kópavogur Dalsmári AQ station. The colour scale indicates the
relative column amount of SO2 in Dobson units, with red colours indicat-
ing a high column amount of SO2 (0.01 mol m-2) and blue colours indicat-
ing a low column amount of SO2. (A) Image capture on the 21st May 2021
where the SO2 in the atmospheric column is being dispersed to the south
from the eruption site and is likely not at Kópavogur Dalsmári AQ sta-
tion. (B) Image capture on the 19th May 2021 where the SO2 in the
atmospheric column is being dispersed to the north from the eruption
site and is likely at Kópavogur Dalsmári AQ station. . . . . . . . . . . . 140
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4.4 Re-scaling of the CALPUFF frequency model. (A) Map of instances that
SO2 exceeds an 800 µg/m3 threshold in the CALPUFF model, which is
scaled to translate to exceeding the ID 350 µg/m3 threshold in measure-
ments at AQ stations. Colour scale indicates the number of times that
the scaled CALPUFF results predict SO2 will exceed 350 µg/m3. The
eruption location is marked by the black triangle and AQ stations used
in the re-scaling process are marked by red stars, with the number of
observed exceedances above 350µg/m3 at each AQ station noted. (Ai)
Enlarged view of the G3 stations in the Reykjavík area. (Aii) Location
of the CALPUFF rescaling analysis area. (B) Comparison between the
number of exceedances above 800 µg/m3 in the CALPUFF model results
(y axis) and the number of exceedances above 350 µg/m3 as observed at
the AQ stations (x axis). The trend is indicated by the solid red line, the
black dashed line indicates a 1:1 ratio line. (A;B) The CALPUFF model
results and the air quality network observations both cover the eruption
period of 23rd March to 18th September 2021. . . . . . . . . . . . . . . . 142

4.5 Individual station results from the eruption-response AQ network in G1.
(A) Map of the G1 eruption-response SO2 stations where station locations
are indicated by the orange circles, with the red triangle indicating the
eruption location. The basemap shows the topography of the area. (B)
The range in hourly SO2 measurements at each AQ station within G1.
(C) The frequency of each station in G1 recording SO2 hourly concentra-
tions exceeding the ID hourly threshold of 350 µg/m3. The installation
dates of the G1 eruption-response stations are as follows: A) 07/04/2021;
B) 17/05/2021; C) 21/06/2021; D) 21/06/2021; E) 29/06/2021. Note the
logarithmic y axis scale in (B) and (C). Note that for some stations the
maximum hourly-mean SO2 concentrations greatly exceeded the statis-
tical distribution shown here, this is shown on Figure 4.7. . . . . . . . . 145

4.6 Individual station results from the AQ network in G2. (A) Map of the
G2 AQ SO2 stations where station locations are indicated by the or-
ange circles, with the red triangle indicating the eruption location. The
basemap shows the topography of the area. (B) The range in hourly
SO2 measurements at each AQ station within G2. (C) The frequency
of each station in G2 recording SO2 hourly concentrations exceeding the
ID hourly threshold of 350 µg/m3. Note that for some stations the max-
imum hourly-mean SO2 concentrations greatly exceeded the statistical
distribution shown here, this is shown on Figure 4.7. . . . . . . . . . . . 146
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4.7 SO2 measurements from the air quality network in Iceland. AQ stations
are divided into regional groups as described in Section 4.2.1 and shown
in Figure 4.2. (A) Time-series of SO2 in regional areas around Iceland.
The horizontal black dashed line indicates the ID SO2 hourly threshold
of 350 µg/m3 and the red highlight indicates the 2021 Fagradalsfjall erup-
tion period. Data presented are hourly averages. Note the changes in y
axis. Graphs of individual station SO2 measurements are available in the
Appendix. (B) Exceedances of the ID SO2 hourly threshold of 350 µg/m3

during the pre-eruptive period and during the eruption. Bars represent
the average number of exceedance events across the measurement group,
with the error bars indicating one standard deviation from the average.
Note that no pre-eruptive SO2 data was available for G1 or G4 stations,
and G2 had limited pre-eruptive SO2 data with only one of six AQ sta-
tions in operation prior to the eruption. Note that the G1 y axis is 2
orders of magnitude greater than the y axis for Groups 2-7. . . . . . . . 147

4.8 Timeseries of PM1 measurements from the G3 air quality network in
Iceland [Section 4.2.1 and Figure 4.2]. The blue highlight indicates the
background period (BG2), the red highlight indicates the 2021 Fagradals-
fjall eruption period. The horizontal black dotted line indicates the daily
average PM1 concentration during BG2, and the horizontal black dashed
line indicates the daily average PM1 concentration during the eruption.
Data presented are daily-means. Graphs of individual station PM mea-
surements are available in the Appendix. . . . . . . . . . . . . . . . . . . 148

4.9 PM2.5 measurements from the air quality network in Iceland. AQ stations
are divided into regional groups as described in Section 4.2.1 and shown
in Figure 4.2. (A) Timeseries of PM2.5 in regional areas around Iceland.
The horizontal black dashed line indicates the WHO PM2.5 daily-mean
threshold of 15 µg/m3. The blue highlights indicate the background pe-
riods (BG1 and BG2), the red highlight indicates the 2021 Fagradalsfjall
eruption period. Data presented are daily-means. Note the changes in y
axis. Graphs of individual station PM measurements are available in the
Appendix. (B) Exceedances of the WHO PM2.5 daily-mean threshold of
15 µg/m3. Bars represent the average number of exceedance events across
the measurement group, with the error bars indicating one standard de-
viation from the average. The average number of events during BG1 and
B2 are compared to the total number of events during the eruption. . . . 149



List of Figures xxv

4.10 PM10 measurements from the air quality network in Iceland. AQ sta-
tions are divided into regional groups as described in Section 4.2.1 and
shown in Figure 4.2. (A) Timeseries of PM10 in regional areas around
Iceland. The horizontal black dashed line indicates the ID PM10 daily-
mean threshold of 50 µg/m3. The blue highlights indicate the background
periods (BG1 and BG2), the red highlight indicates the 2021 Fagradalsf-
jall eruption period. Graphs of individual station PM measurements are
available in the Appendix. (B) Exceedances of the ID PM10 daily-mean
threshold of 50 µg/m3. Bars represent the average number of exceedance
events across the measurement group, with the error bars indicating one
standard deviation from the average. The average number of events dur-
ing BG1 and B2 are compared to the total number of events during the
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4.11 Particle size differences between the pre-eruptive period (BG2) and the
eruptive period at Bústaðavegur station in G3. (A): the average PM10

concentration across BG2 and the eruption. (B): Particle size contribu-
tion (%) for particles ≤ 1 µm in diameter, between 1 - 2.5 µm in diameter
and those particles between 2.5 - 10 µm in diameter during BG2 and the
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4.12 (A) Comparison between AQ station SO2 measurements and CALPUFF
predicted SO2 data for Kópavogur Dalsmári. AQ measurements are split
into "Observed" and "Not Observed" categories, and CALPUFF data is
split into "Predicted" and "Not Predicted" categories. Percentages are
calculated according to the AQ observations. (B) Comparison between
AQ station SO2 measurements and satellite SO2 imagery. Data were used
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4.13 (A): Total populations across Iceland at the municipality level. The green

triangle shows the Fagradalsfjall eruption site. Lower right inset shows en-

larged view of the densely populated southwestern part of Iceland, including

the Reykjavík capital. Population data for 2020 from Statistics Iceland. (B):

Vulnerable sub-populations (≤ 4 years and ≥ 65 years of age) in each municipal-

ity. Green crosses indicate the major hospitals and the green triangle shows the

Fagradalsfjall eruption site. Lower right inset shows enlarged view of the densely

populated southwestern part of Iceland, including the Reykjavík capital. Pop-

ulation data for 2020 from Statistics Iceland. (C): CALPUFF rescaled output

[see Section 4.3.4 for details] of the number of events when SO2 concentrations

exceeded 350 µg/m3 between the 23rd March and the 18th September 2021.

The Fagradalsfjall eruption site is shown by the green triangle. (D): Num-

ber of people, based on municipality-level population data, who the CALPUFF

rescaled output forecast would be exposed to above-threshold SO2 exceedance

events (shown as people count and as % of Iceland’s total population). Where

the number of exceedance events varied within one municipality, the maximum

number was used. Note the logarithmic y axis scale. (E): The number of vul-

nerable people (≤ 4 years and ≥ 65), based on municipality-level population

data, who the CALPUFF rescaled output forecast would be exposed to above-

threshold SO2 exceedance events (shown as people count and as % of Iceland’s

total population). Where the number of exceedance events varied within one

municipality, the maximum number was used. Note the logarithmic y axis scale. 155

4.14 (i) Fagradalsfjall eruption site with public footpath network indicated by
red hatched lines. Blue circles indicate location of eruption-response AQ
stations in G1 [Figures 4.2 and 4.5]. (ii) Range in the hourly measure-
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the logarithmic y scale. (iv) Daily number of visitors to the eruption site,
as counted by the Eco-Counter automatic counters installed on the foot-
path network [Section 4.2.3.2]. The black hatched line indicates the daily
average visitor count of 1,600. Note that the y scale is in thousands. . . 156
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A.3 Measurements from individual stations within G3. Blue highlighted peri-
ods in the PM data indicate the BG1 and BG2 background periods. The
red highlight indicates the eruption period. The horizontal black dashed
line indicates the ID hourly SO2 threshold of 350 µg/m3. . . . . . . . . . 202
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SO2 Sulfur dioxide

SO4 Sulfate aerosol
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-OH Hydroxyl radical

O3 Ozone

H2O2 Hydrogen peroxide
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Chapter 1

Introduction

This thesis focuses on particulate and sulfur dioxide (SO2) air pollution from volcanic
emissions, both during active volcanic eruptions and as a result of passive degassing.
In order to give context to the work I present later, in this introductory chapter I
discuss background information regarding volcanic emissions, conversion of SO2 to sul-
fate aerosols and the health issues which can result from exposure to these pollutants
[Sections 1.1 to 1.3]. I then discuss systems for monitoring of SO2 and particulate con-
centrations, including recent developments in low-cost sensors and instrumentation [Sec-
tions 1.4 to 1.5]. Following this, I conclude with a brief overview of the three study sites
to give a broader context for understanding Chapters 2, 3 and 4 [Sections 1.7 and 1.8]
and a discussion of the novelty and scientific contribution of this thesis.

1.1 Volcanic pollutant emissions

One of the widespread hazards associated with active volcanoes and volcanic eruptions
is the gases and aerosols which are emitted into the atmosphere. These emissions can
lead to long-term climatic impacts (Langmann, 2014; Robock, 2000; von Glasow et al.,
2009), damage to the environment (Delmelle et al., 2002; Martınez et al., 2000) and
affect air quality and human health (Carlsen et al., 2021a; Carlsen et al., 2021b; Hansell
and Oppenheimer, 2004; Longo et al., 2008) [Section 1.3]. The impact of these volcanic
emissions is strongly influenced by their injection height into the atmosphere. Explosive
volcanic eruptions can inject volcanic pollutants into the stratosphere, where they can
have a significant impact on regional to global climate. One such example is the 1991
VEI 6 eruption of Pinatubo volcano in the Philippines, which released an estimated
20 million tons of SO2 into the stratosphere with a plume height of 30 km (Bluth et al.,
1992; McCormick et al., 1995). Volcanic aerosols and gases in the stratosphere can result
in stratospheric warming via reflecting some of the incoming solar radiation, which in
turn results in a cooling of the Earth’s surface (Robock, 2000; Swingedouw et al., 2017;
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Timmreck, 2012). In contrast, effusive volcanic eruptions typically produce emissions
which remain in the troposphere where they can impact air quality and cause damage
to the downwind environment and impact the health of exposed individuals. This thesis
is concerned with the volcanic emissions from effusive eruptions and passively degassing
volcanoes where the emissions remain in the troposphere.

Emissions from active volcanoes are typically a complex and evolving cocktail of
gases, aerosols and ash (Langmann, 2014; Oppenheimer and McGonigle, 2004; Oppen-
heimer et al., 2010; Pfeffer et al., 2006b; von Glasow et al., 2009). Of the gases emitted
(which commonly include H2O, CO2, SO2, HCl, HF and H2S), sulfur dioxide (SO2) is
often the focal point of volcanic gas monitoring due to its high concentration in volcanic
plumes compared to the background atmosphere, as well as its importance with respect
to environmental, climatic and air quality impacts (Cadle et al., 1971; Lambert et al.,
1988; Loughlin et al., 2012; Schmidt et al., 2015). The mass of SO2 emitted during vol-
canic eruptions can vary greatly, along with the size and style of the eruption. During
the 2014 - 2015 Holuhraun eruption in Iceland, the total emitted SO2 was estimated to
be 9.6 Mt, which is between 1.5 to 2 times more than the total anthropogenic emissions
from the European Economic Area in 2011 (Ilyinskaya et al., 2017). Fluxes of SO2 in
such magnitudes can have serious implications for air quality and human health, not just
in the surrounding area but across many kilometers downwind of the eruption (Carlsen
et al., 2021a; Carlsen et al., 2021b; Ilyinskaya et al., 2017; Schmidt et al., 2015).

Once SO2 is emitted into the atmosphere, it begins to undergo chemical conversion
through a variety of reaction pathways to form secondary aerosols such as sulfate aerosol,
H2SO4 (Allen et al., 2002; Delmelle et al., 2002; Stockwell and Calvert, 1983; Tam et
al., 2016) [Section 1.2]. Sulfate aerosols in volcanic plumes are found both as primary
aerosols (Mather et al., 2003), emitted directly from the volcanic source, and secondary
aerosols resulting from the chemical conversion of gaseous SO2 (Allen et al., 2002;
Cadle et al., 1971; Stockwell and Calvert, 1983). The conversion of SO2 to sulfate
aerosol leads to a contrast between a "primitive" plume, which is comprised of a high
gas:aerosol ratio, and a "mature" plume which has a low gas:aerosol ratio (Carlsen et
al., 2021a; Ilyinskaya et al., 2017) [Figure 1.1]. This contrast in plume characteristics
with increasing time since emission from the source can lead to different air quality and
health concerns across the dispersal distance from the volcano [Section 1.3].

1.2 SO2 conversion to sulfate aerosols

Volcanic aerosols (aerosols are suspensions of fine solid or liquid droplets in gas) are
released as primary aerosols at the volcanic vent and are also formed as secondary
aerosols via the conversion of volcanic gases in the atmosphere (Allen et al., 2002; Cadle
et al., 1971; Mather et al., 2003; Stockwell and Calvert, 1983). There are a variety of
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Figure 1.1: Schematic representation of the dispersal of volcanic pollutants following emission
from source. Emission at source has a high ratio of gaseous SO2 to sulfate aerosol (SO4) and
is considered a "primitive" volcanic plume. Chemical conversion of SO2 to SO4 during the
exposure time in the atmosphere leads to a gradual transition to a low ratio of gaseous SO2
to aerosol, at which point the plume is considered "mature". Dispersal of volcanic pollutants
follows the wind direction, leading to exposure of a downwind area of impact. Regions with a
higher topography downwind of the volcanic source are likely to be exposed to higher concen-
trations of pollutants. Note: not to scale.

species of volcanic aerosols, but here I discuss sulfate aerosols formed via the conversion
of SO2 gas, or released directly from the volcanic vent, which are the aerosols this thesis
is primarily concerned with.

Once SO2 is released into the atmosphere it is affected by both chemical and physical
processes, including reactions with liquid- and solid-state suspended particles, leading to
the conversion of SO2 gas to sulfate aerosols (Allen et al., 2002; Stockwell and Calvert,
1983). In the stratosphere, the lifetime of SO2 gas can extend to a year (Thomason
and Peter, 2006). In the troposphere, the lifetime of SO2 gas is generally considered to
be several days to a week until the vast majority has been converted to sulfate aerosols
or removed from the atmosphere via other pathways (Allen et al., 2002; Pattantyus
et al., 2018; Pfeffer et al., 2006b; Rotstayn and Lohmann, 2002). In this thesis, I fo-
cus on volcanic emissions to the troposphere and, as such, the following discussion of
the conversion of SO2 gas to sulfate aerosols relates to tropospheric pathways. The
rate of SO2 conversion is dependent on the relative humidity and temperature of the
atmosphere, as well as interactions with clouds and the availability of oxidants (Oppen-
heimer et al., 1998; Saxena and Seigneur, 1987). There are two main reaction pathways
which gaseous SO2 may undergo to convert to sulfate aerosol: the gas-phase route or
the aqueous-phase route (Galeazzo et al., 2018; Pattantyus et al., 2018).

The gas-phase conversion route centres on the availability of the hydroxyl radi-
cal, -OH (Rattigan et al., 2000; Stockwell and Calvert, 1983). This oxidising agent is
extremely reactive and is formed primarily via photolytic reactions with ozone (O3),
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meaning that it has diurnal and seasonal cycles depending on the availability of light
(Kroll et al., 2015; Pattantyus et al., 2018). It has been estimated that the SO2 con-
version rate via the gas-phase pathways during daylight hours is 0.8 to 5% h-1, two
orders of magnitude higher than during the night when -OH is limited (Kroll et al.,
2015; Pattantyus et al., 2018). In volcanic plumes the concentration of SO2 is likely to
be considerably higher than the concentration of -OH, and as a result the conversion
rate will be limited by the availability of -OH (Galeazzo et al., 2018; Pattantyus et al.,
2018). When there is a sufficient presence of the hydroxyl radical in the atmosphere,
gaseous SO2 may convert to the sulfate aerosol, H2SO4, via the following gas-phase
reaction pathways (Cadle et al., 1971; Pattantyus et al., 2018; Stockwell and Calvert,
1983):

–OH + SO2 −−→ HOSO2 (1.1)

HOSO2 + O2 −−→ SO3 + HO2 (1.2)

SO3 + H2O −−→ H2SO4 (1.3)

Conversion can also occur when SO2 in the atmosphere encounters a cloud, is dis-
solved into the water vapour and undergoes oxidation via aqueous-phase pathways
(Monn and Schaeppi, 1993; Pattantyus et al., 2018). When SO2 dissolves in water it
forms a weak acid before undergoing dissociation to form either HSO3 or SO3 (Pattan-
tyus et al., 2018). Aqueous sulfate formation may then occur as a result of the dissolved
SO2 undergoing hydrolysis and reacting with hydrogen peroxide (H2O2) or ozone, the
two most likely oxidants for SO2 in the aqueous phase, in one of the following reaction
pathways (Green et al., 2019; Khoder, 2002; Saxena and Seigneur, 1987):

SO3 + O3 −−→ SO4 + 2 H (1.4)

HSO3 + H2O2 −−→ SO4 + H (1.5)

The pH of the water is a controlling factor as to which aqueous-phase reaction
pathway is followed. O3 becomes the leading oxidant at pH > 5.5, whereas H2O2

reactions occur effectively at pH levels between 2 - 6 (Galeazzo et al., 2018; Green et
al., 2019; Pattantyus et al., 2018). The solubility of SO2 in water increases at lower
temperatures and at neutral pH levels (Pattantyus et al., 2018). It has been estimated
that the aqueous-phase conversion of SO2 may be as high as 3 - 50% s-1, though this
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high conversion rate is unsustainable over time due to depletion of the limiting reactant
and the parcel of air moving rapidly through and out of the cloud (Galeazzo et al., 2018;
Pattantyus et al., 2018).

Both gas-phase and aqueous-phase oxidation pathways are important in the conver-
sion of SO2 to sulfate aerosols in the atmosphere (Saxena and Seigneur, 1987). Aqueous-
phase reactions occur more readily under high-humidity conditions and dominate the
sulfate formation process during nighttime when gas-phase pathways are reduced (Mc-
Murry and Wilson, 1982; Middleton et al., 1980).

1.3 Health impacts of volcanic emissions

Globally, over one billion people are estimated to live within 100 km of a volcano that has
erupted in the Holocene (Freire et al., 2019). Among the hazards of active volcanoes are
the emissions of gases and aerosols which can have far-reaching implications for human
and animal health, the environment and agriculture (Carlsen et al., 2021a; Delmelle et
al., 2002; Longo et al., 2008; Schmidt et al., 2011; Stewart et al., 2022). Large volcanic
eruptions can release sufficient amounts of gases and aerosols to result in chronic hazards
with long-lasting impacts to populations hundreds of km away from the source (Carlsen
et al., 2021b; Schmidt et al., 2011). Here I will discuss some of the human health
impacts which can occur following exposure to SO2 gas and to sulfate aerosols.

SO2 is considered an irritant gas in that it can cause inflammation of the eyes,
throat, nose and lungs even at low concentrations (Miller, 2004; Williams-Jones and
Rymer, 2015). Asthmatic individuals and those with pre-existing cardiac or respira-
tory health conditions are particularly vulnerable to exposure to SO2 (ATSDR, 1998;
CRI, 2004). Asthmatic individuals exposed to SO2 mass concentrations at or above
1310µg/m3 for a three minute duration are likely to experience a respiratory attack
(ATSDR, 1998; Balmes et al., 1987). In healthy adult individuals, exposure to high
concentrations of SO2 (2620 µg/m3) for greater than 10 minutes results in a 70 to 75%
increase in breathing resistance and associated coughing (ATSDR, 1998; Frank et al.,
1962). Concentrations of SO2 at this level are commonly measured in proximity to
active volcanic craters (D’Alessandro, 2006; Elias and Sutton, 2007; Ng’walali et al.,
1999). Emissions of SO2 in high concentrations at volcanic vents are dangerous to the
millions of geotourists who visit volcanic sites each year (Heggie, 2009). At Mt Aso
in Japan and at Hawaii Volcanoes National Park, the deaths of several visitors have
occurred as a result of asthmatic or cardio-respiratory compromised individuals being
exposed to SO2 from volcanic vents (D’Alessandro, 2006; Heggie, 2009; Ng’walali et al.,
1999). SO2 can also have serious health implications to individuals living downwind of
volcanic eruptions, with multiple studies indicating the effects of prolonged exposure
to SO2 even in dilute concentrations (Baxter et al., 1982; Carlsen et al., 2021b; Longo
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et al., 2008; Longo, 2013; Mannino et al., 1996; Michaud et al., 2005; van Manen, 2014).

Exposure to sulfate aerosols can similarly result in irritation of the eyes and respira-
tory tract, as well as restricted lung action and aggravation of pre-existing respiratory
conditions (Carlsen et al., 2021b; Hansell and Oppenheimer, 2004; Schlesinger, 1985;
Williams-Jones and Rymer, 2015). Sulfate aerosols are a major component of volcanic
particulate matter (PM) (Allen et al., 2002; Delmelle et al., 2002; Stockwell and Calvert,
1983; Tam et al., 2016). PM is commonly sub-divided into size categories of PM1, PM2.5

and PM10 (PM with particle diameters <1 µm, <2.5 µm and <10 µm, respectively).
Particles sized between 2.5 to 10 µm are described as "coarse" PM and are generally
deposited in the upper airways, whereas particles below 2.5 µm in size are termed "fine"
and are capable of reaching the deepest parts of the lung (Quality of Urban Air Review
Group, 1996). Volcanic aerosol is typically very fine (<1 µm diameter) (Ilyinskaya et al.,
2021; Ilyinskaya et al., 2017; Martin et al., 2011; Mason et al., 2021) giving it the poten-
tial to reach deep into the lung once inhaled, though research into the physical impacts
of volcanic aerosol are extremely limited (Schlesinger et al., 2006). PM is widely known
to cause significant health issues, with the global burden of ambient PM2.5 amounting
to > 3 million premature deaths each year (Lim et al., 2012). PM is especially linked
to increased death from respiratory and cardiovascular diseases (Holgate, 2017) and
recent studies have investigated a relationship between exposure to PM and a decline
in short-term cognitive abilities (Gao et al., 2021; Shehab and Pope, 2019). Vulnerable
populations particularly at risk to PM are children and elderly population groups, as
well as those with pre-existing health conditions (Bateson and Schwartz, 2007; Bennett
et al., 2007; Herbarth et al., 2001; World Health Organization, 2005).

As discussed in Sections 1.1 and 1.2, once released into the atmosphere, SO2 gas
will gradually undergo conversion to sulfate aerosols. Over time, the volcanic plume
will undergo a transition from being predominantly composed of SO2 gas to having a
higher concentration of particulate components [Figure 1.1]. With this being the case,
the health impacts of volcanic plumes can shift across the dispersal distance. Carlsen
et al., 2021a and Carlsen et al., 2021b investigated the exposure of populated areas
to primitive and mature volcanic plumes during the 2014 - 2015 Holuhraun eruption
in Iceland, finding that the two plume types had independent effects on respiratory
health outcomes in terms of uptake of asthma medication and emergency hospital visits
for respiratory diseases. Chapter 2 discusses an example of plume dispersal causing
exposure to varying pollutants across the downwind area. During the 2018 eruption of
Kı̄lauea volcano on the Island of Hawai‘i, air quality stations between 40 to 100 km from
the volcanic source recorded concentrations of SO2 above health thresholds, and those
stations further afield recorded concentrations of PM above health thresholds (Whitty
et al., 2020).

To facilitate reducing the potential impacts of air quality on human health, govern-
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ment agencies and health organisations around the world put forward recommendations
for the maximum concentrations of pollutants which people may be exposed to (Ice-
landic Directive 2016; EPA, 2010; EPA, 2013; EC, 2018; WHO, 2021). For example,
the World Health Organization (WHO) recommends a limit of 15 µg/m3 as a daily-
mean for PM2.5 exposure, and a limit of 40 µg/m3 as a daily-mean for SO2 exposure
(WHO, 2021). Recommended thresholds concerning SO2 mainly relate to SO2 from
anthropogenic emissions, though the thresholds may also be exceeded during periods of
volcanic unrest if volcanic emissions contribute significantly to the local or regional air
pollution. These recommended thresholds for SO2 and PM vary across countries, but
offer a yardstick by which air quality can be compared spatially and temporally. When
a volcanic eruption causes the air quality in an area to be consistently or sporadically
above threshold values, there are potential mitigations which can be implemented to
reduce health impacts. During the 2018 eruption of Kı̄lauea volcano, official government
advice during periods of extreme degassing included remaining indoors, closing windows
and recirculating air within buildings (Hawaii Emergency Management Agency, 2018).
Where these steps are impractical (Horwell and Elias, 2020), mitigation advice may
focus more on avoiding excess physical activity to reduce respiratory exposure to pol-
lutants (Pohl 1998; Williams-Jones and Rymer 2015; IVHHN, 2020). Some arguments
may be posed for distribution of face-masks during periods of extreme air pollution.
However, face-masks come with additional complications associated with training the
population in their use, the difficulties of effective distribution to communities, as well
as the potential that those wearing face-masks may experience a false sense of security
(McDonald et al., 2020). In environments were volcanic emissions form a significant
contribution to the local or regional air quality, effective monitoring of the pollutants is
a crucial step towards understanding and mitigating health impacts on exposed com-
munities.

1.4 Monitoring of volcanic pollutants

Volcanic pollutants may be measured by a number of different techniques and ap-
proaches. SO2 in volcanic plumes has been very successfully monitored via satel-
lites (Carn et al., 2016; Carn et al., 2017; Krueger et al., 1990; Theys et al., 2013)
[Section 1.6.2], via ultraviolet spectrometers such as the COSPEC (Elias et al., 2006;
Stoiber and Jepsen, 1973; Sutton et al., 2001), FLYSPEC (Horton et al., 2006; Nadeau
and Williams-Jones, 2009; Williams-Jones et al., 2006) and DOAS (Galle et al., 2003;
Kern et al., 2020; McGonigle et al., 2002), as well as via SO2 cameras (Burton et al.,
2015; Kern et al., 2015a; Kern et al., 2015b; Mori and Burton, 2006). Measurements of
volcanic aerosols and particulates have been successfully recorded using direct sampling
instruments such as cascade impactors and filter packs (Ilyinskaya et al., 2021; Martin
et al., 2011; Mason et al., 2021), as well as by aerosol spectrometers such as GRIMM
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(Bukowiecki et al., 2011; Ilyinskaya et al., 2017; Martin et al., 2009).

In this thesis, highly accurate measurements of SO2 and PM are made via reference-
grade air quality instruments [Sections 1.4.1 and 1.4.2]. These instruments are used by
government agencies and organisations around the world to monitor urban, industrial
and volcanic ambient air quality. In the below sections [1.4.1 and 1.4.2] I will discuss
reference-grade ground-based measurement systems which were used for data collection
in the following chapters of this thesis, to provide an understanding of the instruments’
operating principles and how they compare with respect to the lower-cost sensors.

1.4.1 Ground-based monitoring of SO2

Pulsed fluorescence spectroscopy analysers are widely used to monitor concentrations
of SO2 in reference-grade air quality monitoring networks. The analysers operate on
the principle that SO2 molecules absorb ultraviolet (UV) light at one wavelength before
reducing to a lower energy state where they emit UV light at a different wavelength
(Mohn and Emmenegger 2001; Thermo Scientific, 2015). SO2 molecules are excited by
the radiation of a UV lamp, typically at a wavelength of between 190 to 230 nm (Luke
1997; Mohn and Emmenegger 2001; Thermo Scientific, 2015). As the energy levels of
the excited SO2 molecules decay, they emit UV light in a different wavelength, typically
between 240 to 420 nm, with the amount of light emitted being proportional to the
concentration of SO2 present in the sampled air (Mohn and Emmenegger, 2001; Okabe
et al., 1973). The UV light in the 240 to 420 nm range is detected by a photomultiplier
tube and the concentration of SO2 in the atmosphere is calculated (Thermo Scientific,
2015). Measurement interference from fluorescent hydrocarbons in the sampled air are
removed by a hydrocarbon kicker in the sample inlet, which removes hydrocarbons
but leaves SO2 molecules untouched (Mohn and Emmenegger 2001; Thermo Scientific,
2015). This method provides very precise measurements of SO2 down to very low
concentrations in the ppbv range (parts per billion volume) (Thermo Scientific, 2010).

Thermo Fisher Scientific produce the 43i pulsed fluorescence spectroscopy analyser
which has been FEM-designated by the EPA for measurements of SO2 in the ambient
atmosphere (Thermo Scientific, 2010; EPA, 2016). The FEM (Forum for Environmental
Measurements) ensures that measurements are scientifically rigorous and recommends
instruments which record data of a known and documented quality (EPA, 2016). A
single pulsed fluorescence spectroscopy SO2 analyser costs in the range of £8,000 to
£12,000 (≈ US$10,900 to US$16,300) depending on the configuration (quote from
Thermo Fisher Scientific, 2021). The instrument weighs 21.8 kg with dimensions of
430 x 220 x 580 mm and must be kept in an air-conditioned enclosure with regular
bi-annual multi-point calibration checks (Thermo Scientific, 2010).
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1.4.2 Ground-based monitoring of particulates

Beta ray attenuation is a technique used frequently to measure particulates in reference-
grade air quality monitoring networks. This method records the concentration of par-
ticulate in the atmosphere per cubic metre of air over a measurement period of one
hour (Met One, 2008). At the beginning of the sample time, a carbon-14 element emits
a source of constant high-energy electrons known as beta rays through to a small area
onto a clean glass tape strip (Met One, 2013). To determine a zero particulate reading,
the beta rays on the tape are detected and counted by a highly sensitive scintillation
detector, commonly a photomultiplier tube (Gobeli et al. 2008; Met One, 2008). The
glass tape is then advanced to an area where sampled ambient air is passed across it by
means of an external pump, causing the tape to become loaded with particulate matter
(Met One, 2013). Prior to reaching the glass tape, the sampled air is passed through
size-selective inlets to ensure that only particles within the size-fraction of interest are
sampled (Chung et al. 2001; Met One, 2013). After the sampling duration is complete,
the glass tape is returned to the scintillation detector where the sampled particulate
causes attenuation of the beta ray signal (Chung et al., 2001). The magnitude of ray
attenuation increases with respect to the volume of particulate on the glass tape, allow-
ing determination of the particulate mass concentration which was sampled during the
measurement time (Gobeli et al. 2008; Met One, 2013).

When the sampling time occurs during periods of high humidity (> 60% RH), beta
attenuation monitors can over-read concentrations of particulate in the atmosphere
by up to 20-50% as a result of accumulation of moisture on the glass tape (Gobeli
et al., 2008). To prevent this occurring, Beta attenuation monitors (BAM) are fitted
with heater systems which automatically warm the air when humidity exceeds a user-
defined value (Chung et al., 2001; Gobeli et al., 2008). Heating of the air removes
the moisture before it can accumulate on the glass tape, allowing BAM instruments to
operate effectively even under high-humidity conditions (Chung et al. 2001; Met One,
2013). Baseline drift in BAM instruments is limited as the glass tape is advanced after
each measurement period and a zero particulate reading is taken prior to the sample
being exposed to the ambient air (Chung et al., 2001).

BAM instruments are widely used to measure particulate matter in the PM1, PM2.5

and PM10 size fractions (Schweizer et al., 2016). In particular, BAM-1020 (manufac-
tured by Met One Instruments Inc) has been assigned by the EPA as a FEM-designated
instrument to promote consistency in laboratory conditions and measurements, and to
ensure that instruments are of reference-grade quality (EPA, 2016). In order to maintain
long-term stability, BAM instruments are kept in air-conditioned enclosures and require
a stable mains-power supply to operate (Met One, 2008). BAM-1020 instruments cost
approximately £17,000 (≈ US$23,200) (quote from Enviro Technology Services Ltd,
2021), and the instruments weigh 24.5 kg and measure 310 x 430 x 400 mm without
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external attachments (Met One, 2013). As with pulsed fluorescence spectroscopy anal-
ysers [Section 1.4.1], the size, weight and required measurement infrastructure of the
BAM-1020 limits the portability of the instrument. The combined cost of the instru-
ments themselves and the costs associated with construction of monitoring enclosures
gives both the BAM-1020 and the 43i spectroscopy analyser a high financial burden in
comparison to low-cost monitoring systems [Section 1.5].

1.5 Low-cost monitoring systems

In this section I will discuss low-cost sensors and instruments which have been used
by many studies, and in the following chapters of this thesis, as alternatives to the
reference-grade instrumentation detailed in Section 1.4. In particular I will focus here
on electrochemical sensors for the detection and monitoring of target gases, and minia-
turised particle sensors for determining the concentration of particles of varying size
modes. It should be noted that these low-cost instruments come with both advantages
and disadvantages for monitoring air quality, and these shall also be discussed below.

1.5.1 Electrochemical gas sensors

Electrochemical gas sensors provide a method of gas monitoring that is low-cost as
well as operating on low power requirements (Hagan et al., 2018; Mead et al., 2013;
Popoola et al., 2016). Each sensor (approximately 32 mm in diameter) contains a
porous membrane through which the target gas diffuses and enters a series of chambers
containing electrolyte solution where the gas is oxidised or reduced depending on its
chemical formula (Roberts et al., 2012) [Figure 1.2]. The resulting differences in the
chemical potential, proportional to the concentration of the target gas diffused into the
sensor, is detected by three electrodes which transmit the signal electronically to an
external control system, such as a Raspberry Pi (Austin et al., 2006). The system is
diffusion-controlled and the porous membrane must be exposed to flowing air, either to
the atmosphere directly or via means of continuously-flowing sampled air pumped into
a measurement chamber (Lewis et al., 2016; Roberts et al., 2012). As well as the target
gas, other gases can diffuse into the electrochemical sensor. This results in an additional
current response causing interference in the accuracy of the measurement and is known
as cross-sensitivity (Austin et al., 2006; Hagan et al., 2018; Roberts et al., 2012; Roberts
et al., 2014). Cross-sensitivies can result from gases to which the sensitivity is known
and measured, but also to other atmospheric species to which the sensitivity is unknown
and unmeasured (Alphasense, 2021; Lewis et al., 2016). Sensor performance can also be
impacted by changes in temperature and humidity (Mead et al., 2013; Roberts et al.,
2014), as well as a long-term drift in measurement accuracy related to the evaporation
of the internal electrolyte solution (Hagan et al., 2018; Mead et al., 2013; Smith et al.,
2017).
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Figure 1.2: Schematic representation of an electrochemical gas sensor. Target gas diffuses
through the filter which is exposed to the airflow. The target gas is dissolved into the elec-
trolyte and causes chemical reactions which generate a current at the three electrodes (working,
auxiliary and reference), which in turn pass the signal on to the measurement control system.
Adapted from Roberts et al., 2012.

Electrochemical gas sensors were first patented at the end of the 20th Century
(Miller, 2004), and have since been produced by a number of atmospheric-measurement
companies, including the B4 series by Alphasense Ltd (Alphasense, 2021). They have
been effectively used as monitoring systems for industrial and urban air quality (Austin
et al., 2006; Cross et al., 2017; Mead et al., 2013). Electrochemical sensors were also
incorporated into Multi-GAS (Multi-component Gas Analyzer System) for use in mea-
suring the concentrations of gases at volcanic vents and fumaroles (Aiuppa et al., 2005;
Shinohara, 2005). The Multi-GAS system has been successfully used at volcanoes
around the globe to monitor gas concentrations in ppmv (parts per million volume)
concentrations in near-source plumes (Aiuppa et al., 2007; Aiuppa et al., 2018; Roberts
et al., 2012; Roberts et al., 2017; Shinohara et al., 2008; Witt et al., 2008). Electro-
chemical sensors have also been demonstrated to measure gases at sub-ppmv levels in
more dilute atmospheric conditions (Hagan et al., 2018; Mead et al., 2013; Roberts
et al., 2018).

Electrochemical sensors provide significant advantages for monitoring of air quality
in compact systems. They are small and lightweight (< 13 g per sensor) allowing use in
portable systems, such as Multi-GAS, where ease of transportation is critical to reach
remote or challenging measurement locations (Aiuppa et al., 2005; Shinohara, 2005).
They are low-cost (≈ £60 per sensor, 2022 quote from Alphasense Ltd.), reducing the in-
frastructure cost of air quality monitoring and allowing the potential for multiple sensor
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deployment around an emission source at a relatively low financial burden. However, use
of electrochemical sensors for air quality monitoring needs to be carefully approached
as they can have issues associated with cross-sensitivities to non-target gases, accu-
racy reliance on stable temperature and humidity conditions, and long-term drift in
the sensor baseline. Chapter 3 of this thesis investigates the efficacy of such low-cost
electrochemical gas sensors for long-term volcanic pollutant monitoring.

1.5.2 Miniaturised particle sensors

As discussed in Section 1.4, monitoring of particulate matter may be successfully ac-
complished by use of reference-grade instrumentation which provides a high-accuracy
of measurement but at a significant financial cost. In recent years, relatively low-cost
instruments (in the range of £200 to £800) have become available on a commercial
scale, providing user-friendly, off-the-shelf particulate monitoring. Examples include
the OPC-N2 (produced by Alphasense Ltd) and the Plantower PMS sensor range. Be-
cause of their lower cost these particulate monitors present the opportunity for intensive
air quality monitoring at a high spatial and temporal resolution, potentially to provide
insight into pollution hot-spots or to investigate smaller-scale regional PM changes than
would be feasible with their more expensive reference-grade counterparts (Zikova et al.,
2017a; Zikova et al., 2017b).

The hallmark of these instruments is their low expense, which currently means that
most are optical particle counters (OPCs), functioning using light-scattering operating
principles which can be produced inexpensively (Manikonda et al., 2016; Wang et al.,
2015). In this method, particles individually enter into the sensor and are illuminated
by a light source, commonly a laser beam emitted from an infrared emitting diode
(Alphasense, 2015; Rai et al., 2017). The particle scatters the light, which is then
detected by a photodetector allowing the particle size to be determined and the number
of particles over a sampling period to be counted (Kelly et al., 2017; Sayahi et al., 2019)
[Figure 1.3A]. For particles with diameters > 0.3 µm, the scattered light is proportional
to their size (Rai et al., 2017; Wang et al., 2015). Particles with diameters < 0.3 µm
typically do not scatter sufficient light to allow them to be detected, and as such, OPCs
are limited in the minimum size of particles which they can detect. One of the main
issues with light-scattering in low-cost OPCs stems from the hygroscopicity of particles.
All atmospheric particles are hygroscopic to some extent, in that they absorb moisture
from the atmosphere. In high humidity conditions (> 60 % RH), water is often the
dominant component of atmospheric particles, particularly for those particles which are
mostly comprised of inorganic material (Crilley et al., 2018; Crilley et al., 2020; Gysel
et al., 2007; McFiggans et al., 2005). In low-cost OPCs, the sampled air is not dried
prior to entering the sensor, as this would require a heated inlet and result in increased
production costs, enlarged instrument size and higher power requirements. In high
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humidity conditions, the hygroscopic particles entering the sensor will bias the sensor
accuracy by scattering the light disproportionately (Crilley et al., 2020) [Figure 1.3B,
C]. As a consequence of this, particle mass concentrations reported by low-cost OPCs
require correction for the effect of particle hygroscopic growth, using a correction factor
such as discussed by Crilley et al., 2018 and Crilley et al., 2020. Inaccuracies can
also occur with OPC instruments when they are used to sample particles that differ
significantly in size, shape or composition to the particles used in their calibration,
typically latex beads (Liu and Daum, 2000).

Figure 1.3: (A): Light-scattering principle used by the OPC-N2 low-cost particulate instru-
ment. A laser at 658 nm wavelength passes through the particle (black circle) and is scattered
towards an elliptical mirror. The reflected light (dashed red line) is detected by a dual-element
photodetector allowing determination of particle size. Sampled air is introduced to the mea-
surement chamber by means of a low power micro-fan. Adapted from Alphasense, 2015; Grimm
and Eatough, 2012; Sousan et al., 2016 (B): Dry particle where the laser will be scattered from
the surface of the particle itself. (C): Hygroscopic particle where a rim of water has accumu-
lated around the particle, likely causing scattering not representative of the true particle size
and density.

Low-cost OPC instruments provide many advantages in the field of particulate air
quality monitoring. Their light-weight, compact and affordable nature makes them an
inviting prospect for widening the scope of particulate monitoring, and their use has
quickly become widespread in the air quality community (Alvarado et al., 2017; Crilley
et al., 2018; Renard et al., 2016; Whitty et al., 2020; Zheng et al., 2018; Zikova et al.,
2017b). However, it is important to remember that they are potentially limited in their
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measurement accuracy, precision and reliability when compared to their reference-grade
counterparts. Low-cost OPCs have been evaluated both under laboratory conditions
(AQ-SPEC, 2022; Manikonda et al., 2016; Sousan et al., 2016; Wang et al., 2015) and in
the field for monitoring of urban pollution (AQ-SPEC, 2022; Crilley et al., 2018; Crilley
et al., 2020; Zikova et al., 2017b). In Chapter 2 of this thesis, we evaluate Plantower
PMS low-cost particulate sensors for use in monitoring of dilute volcanic plumes, and
compare them with reference-grade instrumentation. Chapter 3 of this thesis illustrates
some of the issues which can occur when low-cost instruments are used in the field under
sub-optimal environmental conditions.

1.6 Methods to determine plume transport direction

While this thesis is primarily concerned with monitoring of volcanic pollutants at
ground-level via means of both reference-grade and low-cost instrumentation, some use
is also made of other methods to trace volcanic plume dispersion. Here I will discuss
use of plume dispersion models and satellite imagery to provide an understanding of
how these techniques are used in the following chapters of this thesis.

1.6.1 Plume dispersion models

The use of numerical models to reproduce and examine the evolution of natural atmo-
spheric processes is well established. With respect to the dispersion of volcanic emis-
sions, numerical models have been developed and used successfully for modelling plume
dispersion at volcanoes around the world. Significant examples include the NAME
model (Heard et al., 2012; Jones et al., 2004; Schmidt et al., 2015), the PUFF model
(Daniele et al., 2009; Searcy et al., 1998), the CANERM model (D’amours, 1998; Simp-
son et al., 2002), the REMOTE model (Langmann et al., 2009; Pfeffer et al., 2006a), the
HYSPLIT model (Businger et al., 2015; Draxler and Hess, 1998; Ilyinskaya et al., 2021)
and the CALPUFF model (Barsotti, 2020; Barsotti et al., 2004; Scire et al., 2000b).

Plume dispersion models are a very useful tool for hazard mitigation with respect
to volcanic emissions and air pollutants. Depending on the model, they can forecast
dispersion of volcanic SO2 and sulfate aerosols through the atmosphere from the point
of emission, indicating where and when there may be exposure of the ground surface
to high concentrations of pollutants (Barsotti, 2020; Businger et al., 2015; Langmann
et al., 2009). Model outputs can be used for operational forecasting of ground-level
exposure, and can be used to estimate population exposure to volcanic air pollution.
Furthermore, understanding of the interactions between atmospheric processes, meteo-
rological processes and plume dynamics can be developed, and many plume dispersion
models incorporate modules to describe chemical reactions such as the conversion of
SO2 gas to sulfate aerosols (Barsotti, 2020; Businger et al., 2015; Scire et al., 2000b).
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In the following chapters of this thesis I make use of the HYSPLIT and CALPUFF
plume dispersion models. I discuss below the details of these plume dispersion systems
to provide context for the following chapters.

1.6.1.1 HYSPLIT plume dispersion model

The Hybrid Single-Particle Lagrangian Intergrated Trajectory (HYSPLIT) model was
developed by the National Oceanic and Atmospheric Administration (NOAA). The
HYSPLIT model is an atmospheric transport and dispersion model which has been
successfully used for a multitude of applications, including tracking of wildfire smoke,
anthropogenic pollution, radioactive material and volcanic emissions (Stein et al., 2015).
The model uses a hybrid approach between Lagrangian methods which are concerned
with the motion of specific fluid parcels, and Eulerian methods which use a three di-
mensional framework to compute air pollutant concentrations (Draxler and Hess, 1998).

The model operates by simulating the release of a pulse of pollutants, termed a
puff, from the emission source (Draxler and Hess, 1997; Draxler and Hess, 1998). The
puff is then advected both horizontally and vertically by the turbulent nature of the
atmosphere, which is simulated by adding a random component to the motion (Draxler
and Hess, 1997; Draxler and Hess, 1998). The dispersion rate of the puff is calcu-
lated by integrating the vertical diffusivity profile, horizontal deformation of the wind
field and wind shear (Draxler and Hess, 1997; Draxler and Hess, 1998; Stein et al.,
2015). Following the release of a pollutant puff, the HYSPLIT model calculates the
first-guess position of the puff relative to the initial-position by computing the aver-
age of three-dimensional velocity vectors, which are linearly interpolated in both space
and time (Draxler and Hess, 1997; Draxler and Hess, 1998). The model then iterates,
determining the trajectory of the puff through time. Puff trajectories are terminated
if they exit the top of the model, escaping beyond the top of the user-defined model
boundaries, but where puffs are advected to intersect the ground-surface the trajectory
will continue along the ground (Draxler and Hess, 1997). The HYSPLIT model op-
erates a terrain-following coordinate system to determine the interaction of the puffs
with the ground-surface (Draxler and Hess, 1997; Draxler and Hess, 1998). A further
component of the HYSPLIT model is the potential for removal of pollutants from the
system. Pollutants may be removed by dry deposition, either at a user-defined dry
deposition velocity or computed by HYSPLIT with respect to the gravitational settling
velocity (Draxler and Hess, 1997). Pollutants may also be removed through gaseous wet
deposition via wet depletion, which is defined by a scavenging ratio and only applies
for the portion of the puff below the cloud top (Draxler and Hess, 1997; Stein et al.,
2015). The chemical formation and deposition of sulfate aerosols is incorporated into
HYSPLIT by a dynamic particle partitioning algorithm including chemical processes
between SO2 gas and OH (Stein et al., 2015). The HYSPLIT model can incorporate
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a variety of meteorological model data into its calculations, allowing optimisation of
the model for different environmental settings (Stein et al., 2015). The model can also
be used to calculate both forwards and backwards trajectories, allowing forecasting of
where pollutants will be dispersed to, as well as examination of the origin of air masses
containing pollutants (Draxler and Hess, 1998; Stein et al., 2015).

The HYSPLIT model has been in use on the Island of Hawai‘i since 2010 to track
the dispersal of volcanic pollutants from Kı̄lauea volcano (Pattantyus and Businger,
2014). In this setting, the model uses meteorological data from the Weather Research
and Forecasting Advanced Research (WRF-ARW) numerical model, and the input of
SO2 emission rate is determined from observations at the volcanic source (Businger
et al., 2015). The HYSPLIT model is run as ensemble forecasting, producing 60-hour
forecasts twice daily for both SO2 gas and sulfate aerosol concentrations at ground-level
(Businger et al., 2015; Pattantyus and Businger, 2014). The output from the HYSPLIT
model is made available to the public in real-time, providing information dissemination
to the communities at risk of exposure to pollutants from Kı̄lauea volcano. During
the 2018 lower East Rift Zone (LERZ) eruption, the HYSPLIT model’s capability for
back-trajectory simulations was used to allow determination of the age of the plume
when it reached air quality stations in the downwind environment (Ilyinskaya et al.,
2021; Whitty et al., 2020).

1.6.1.2 CALPUFF plume dispersion model

The California Puff (CALPUFF) model was developed by Earth Tech Inc in the 1990s
and is a freely-available dispersion model (Exponent, 2022). The CALPUFF model has
been used successfully for a variety of applications including tracking of anthropogenic
emissions from cities and power plants as well as from volcanic eruptions (Barsotti,
2020; Levy et al., 2002; Tayanç and Berçin, 2007; Yim et al., 2010; Zhou et al., 2003).
The Environmental Protection Agency (EPA) recommends CALPUFF for long-range
transport modelling (EPA, 2000).

The set up of the CALPUFF model is complex and is comprised of a large number of
processes linked together in a modular structure, allowing the configuration of the model
to be defined for the required usage (Barsotti et al., 2008). The CALPUFF modelling
system includes three main components - CALMET, CALPUFF and CALPOST. CAL-
MET is a diagnostic processor which develops hourly temperature and wind conditions
in a three-dimensional domain (Barsotti et al., 2004; Scire et al., 2000a). CALPUFF is a
transport and dispersion model which computes the advection of pollutants through the
atmosphere and simulates their distribution and chemical transformation through time
and space, using inputs from the CALMET system (Scire et al., 2000b). CALPOST is
the final system in the chain and is used to process the outputs from CALMET and
CALPUFF, producing the result of the simulation (Scire et al., 2000b).
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The CALPUFF model operates on a Lagrangian Gaussian method and treats pollu-
tant emissions as a discrete series of particulate parcels, or puffs, which are advected by
wind, according to the meteorological inputs, and diffuse into the atmosphere (Barsotti
et al., 2004; Scire et al., 2000b). Typically a finite number of puffs are emitted across a
simulated time period, and the user is able to define whether the output should be col-
lected across a grid of receptors or at specific targeted points of interest across a spatial
downwind area (Barsotti et al., 2004). As well as simulating the large-scale distribution
of pollutant puffs, CALPUFF also contains algorithms to simulate complexities includ-
ing the removal of pollutants, chemical transformations and the impact of vertical wind
shear on the advection process (Scire et al., 2000b). The removal of pollutants can be
by dry deposition, with user defined deposition velocities and the option for diurnal
variability, and wet deposition using an empirical scavenging coefficient (Scire et al.,
2000b). The CALPUFF model contains modules to describe chemical reactions which
can be used to model the conversion of SO2 gas to sulfate aerosols through time, and this
can be incorporated into the plume dynamics within the model framework (Barsotti,
2020). Chemical transformation in the CALPUFF model operates as a pseudo-first-
order process with user-defined rates and availability to vary the reaction rate across
diurnal cycles (Scire et al., 2000b). The CALPUFF model also incorporates a complex
terrain approach where elevation high points are evaluated with a dividing streamline
to determine whether pollutant species should be advected over or around the high area
(Scire et al., 2000b).

The CALPUFF model was used during the 2014 - 2015 Holuhraun eruption and
the 2021 Fagradalsfjall eruption in Iceland for operational forecasting and probabilistic
hazard mapping (Barsotti, 2020; Carlsen et al., 2021a).

1.6.2 Satellite imagery

Satellite observations and measurements provide significant advantages for monitoring
of volcanoes and SO2 emissions. They can be used to monitor emissions from volcanoes
which are remote or difficult to access and those which are not actively monitored by
ground-based instrumentation (Carn et al., 2017; Theys et al., 2013). During periods of
volcanic unrest, satellites can be used to track the advection of volcanic plumes across
local to global scales (Burton et al., 2021; Carboni et al., 2019; Krotkov et al., 2021).
Satellite observations can also be used to determine the height of volcanic plumes in
the atmosphere by determining the temperature of the plume-top in relation to the
ambient temperature of the surrounding atmosphere (Corradini et al., 2010; Theys et
al., 2013). However, satellite observations are not able to determine whether SO2 in the
atmospheric column is present at ground-level. Satellite observations are also limited
by the temporal resolution over the target emission source and may be restricted during
periods when meteorological clouds obscure the ground-surface from view.
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In Chapters 3 and 4 of this thesis, satellite imagery is used as an independent
proxy to determine the direction of plume advection and indicate whether SO2 may be
present at ground-level at air quality measurement stations. Here I will discuss some
of the details of the satellite data used in the following chapters to provide context for
the work.

1.6.2.1 Sentinel and Landsat imagery

In Chapter 3, satellite imagery was collected from the USGS Landlook Viewer (https://
landlook.usgs.gov/) across the period of interest from the beginning of March until the
end of August 2017 in the region around Masaya volcano, Nicaragua. The satellite
imagery obtained was non-continuous across this period. Eleven images were obtained
from the Landsat 7 satellite from the Enhanced Thematic Mapper Plus (ETM+), twelve
images were obtained from the Landsat 8 satellite from the Operational Land Imager
(OLI), and four images were obtained from the Sentinel-2 satellite from the Multispec-
tral Instrument (MSI). Landsat 7 and Landsat 8 satellite imagery was at a 15 m spatial
resolution using the panchromatic bands with a 16 day grounding track repeat cycle
(NASA, 2022; Satellite Imaging Corporation, 2022). The Sentinel-2 satellite imagery
was at a 10 m spatial resolution (Sentinel Online, 2022).

In Chapter 3, visible light satellite imagery was used as a means of determining the
direction of plume movement away from the volcanic source point. The direction of
plume advection from satellite imagery was used to estimate the likely height of the
plume in the atmospheric column by comparison to the wind directions from forecast
meteorological data. Of the twenty-seven satellite images which were collected (from
Landsat 7 and 8 and from Sentinel-2), twelve could not be examined to determine plume
advection due to a high extent of opaque cloud cover.

1.6.2.2 TROPOMI SO2 satellite retrievals

In Chapter 4, satellite data from the Sentinel-5 Precursor satellite (Sentinel-5p) was
used to determine the frequency with which SO2 in the atmospheric column was mea-
surable by ground-based instruments. The TROPOspheric Monitoring Instrument
(TROPOMI) onboard Sentinel-5p measures ultraviolet radiance at a spatial resolution
of 5.5 x 3.5 km2 with a revisit time of one day (Romahn et al., 2022; Theys et al., 2017).
The observed ultraviolet spectrum is used to derive a slant column density (SCD), rep-
resenting the gas concentration along the light path through the atmospheric column
(BIRA, 2022). The SCD is the converted into a vertical retrieval column by means of
air mass factors (AMF), incorporating radiative transfers and accounting for clouds and
surface properties (Theys et al. 2017, BIRA, 2022). The retrieval of the SO2 vertical
column is usually performed in near-real time (typically within three hours after mea-
surement), allowing the data to be used operationally during periods of volcanic unrest
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(Romahn et al., 2022).

In Chapter 4, pre-processed satellite imagery from Sentinel-5p TROPOMI was ob-
tained from the Icelandic Meteorological Office (IMO) for a two-month sample period
during the 2021 Fagradalsfjall eruption. The TROPOMI SO2 vertical column data
were used by the IMO during the eruption for operational hazard assessment. In Chap-
ter 4, I analysed the TROPOMI satellite data in combination with a subset of the
Icelandic reference-grade ground-based monitoring network to determine the frequency
with which SO2 in the atmospheric column reached ground level. This has important
implications for use of satellite data for hazard assessment of potential exposure to
volcanic pollutants at ground-level.

1.7 Thesis roadmap

• In Chapter 2, I discuss a study of SO2 and PM measurements downwind from
Kı̄lauea volcano, Hawai‘i, during a large eruption event. I use data from a network
of reference-grade instrumentation to determine a baseline of SO2 and PM2.5 con-
centrations during a period of comparatively low gas emissions and compare this
to air quality during the period of increased volcanic activity. Using the reference-
grade network, I give a first-order estimate of a conversion rate between SO2 and
sulfate aerosols. I also analyse data from a large network of low-cost community-
operated particulate instruments and compare their accuracy with respect to the
reference-grade air quality network.

• In Chapter 3, I discuss a study of SO2 and PM measurements downwind from
the passively degassing Masaya volcano in Nicaragua. I use data from low-cost
instruments which were deployed in the field for six months as a first attempt
at installing an air quality monitoring network in the area. I determine peri-
ods of volcanic pollution using the low-cost instruments and cross-reference with
other methods of determining plume presence, including visual analysis of plume
movement in satellite imagery and predicted plume movement from modelled me-
teorological data. I discuss the effectiveness of using low-cost instrumentation in
the field for volcanic air quality measuring and suggest potential improvements
for future use.

• In Chapter 4, I discuss a study of SO2 and PM measurements from the 2021
Fagradalsfjall eruption in Iceland. I use data from a network of reference-grade
air quality monitors and low-cost sensors to determine how air quality around
the island was impacted during the eruption with respect to a pre-eruptive pe-
riod. I use outputs from the CALPUFF dispersion model to estimate numbers
of the population who may have been exposed to concentrations of SO2 exceed-
ing health guidelines. I use a point-analysis to determine the accuracy of the



20 Chapter 1: Introduction

CALPUFF dispersion model at predicting the presence of volcanic plume at an
air quality station, and examine the frequency of plume grounding with regards
to SO2 visually apparent in satellite imagery.

1.8 Novelty and contribution

Each chapter of this thesis contributes to scientific knowledge differently, as each focuses
on a specific study area and volcanic emission source. However, common themes are
present throughout, providing insights into a variety of scientific areas. These include,
among others, the deterioration to air quality that can result from volcanic emissions,
challenges and successes in monitoring volcanic pollutants with low-cost instruments,
and insights into the conversion of SO2 gas into sulfate aerosols. Furthermore, as well
as widening scientific knowledge, each chapter contributes to an understanding of the
communities who are affected by the volcanic emissions in the specific study areas.
In this section I will give a brief overview of the study sites presented in Chapter 2,
Chapter 3 and Chapter 4 to give some background context to the volcanic systems and
monitoring of volcanic pollutants in the area, and to briefly convey how the research of
this thesis fits into existing work. The specific contributions of each chapter, and the
novelty of the research therein, is also discussed below.

1.8.1 Chapter 2 - Kı̄lauea volcano

Kı̄lauea volcano on the Island of Hawai‘i is one of the world’s most active volcanoes,
erupting near continuously between 1983 and 2018, and as such it has been very well
studied (Andres and Kasgnoc, 1998; Beirle et al., 2014; Elias et al., 2018; Greenland,
1984; Kern et al., 2015b; Poland et al., 2008; Wilson et al., 2008). Up until 2018, activity
was mostly concentrated at the summit and middle East Rift Zone (ERZ) where SO2

emissions fluctuated across periods of volcanic activity (Elias and Sutton, 2007; Elias
and Sutton, 2012). During 2018, the summit caldera collapsed and a large-scale eruption
occurred along the lower East Rift Zone (LERZ) in a populated area, emitting an SO2

flux an order of magnitude higher than that released during the previous decades (Kern
et al., 2019; Neal et al., 2019).

Throughout the volcanic activity at Kı̄lauea, multiple studies have investigated the
dispersal of volcanic air pollutants. The Island of Hawai‘i provides a useful natural
laboratory for studies of volcanic air quality as it has limited anthropogenic sources
of pollution (Mather et al., 2012; Michaud et al., 2007; Tam et al., 2016). Movement
of the trade winds during April to October each year causes the volcanic plume to
move in a more linear, predictable pattern than would normally occur from a volcanic
source, allowing the relationship between SO2 and sulfate aerosols to be more readily
quantifiable (Kroll et al., 2015; Porter et al., 2002). Kroll et al., 2015 investigated SO2
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conversion to sulfate aerosols using reference-grade SO2 and particulate instrumentation
located at sites near-field (3 km) and far-field (31 km) from the summit eruption plume.
The concentrations of PM on the west coast of the island are increased during periods
of intense volcanic degassing, in part due to high topographic areas in the centre of
the island which cause an atmospheric gyre along the western coastline, allowing the
volcanic plume to mature and continually return to the area (Ilyinskaya et al., 2021;
Whitty et al., 2020).

The distribution of Kı̄lauea’s volcanic pollutants around the Island of Hawai‘i has
been well documented. In the regions immediately downwind of the summit and ERZ
(during the pre-2018 activity), high concentrations of SO2 gas and sulfate aerosols were
recorded (Longo et al., 2005). Individuals residing in those communities frequently
exposed to Kı̄lauea’s volcanic emissions were found to have a higher risk of acute bron-
chitis (Longo and Yang, 2008), increased prevalence of poor cardiorespiratory health
(Longo et al., 2008; Longo, 2013) and a greater likelihood of suffering from acute res-
piratory illnesses (Longo et al., 2010). The city of Hilo, usually out of the dispersion
area for Kı̄lauea’s volcanic pollutants during trade wind conditions, was found to have
a 15% increase in emergency department visits during periods when the trade winds
weakened and the plume moved towards Hilo (Mannino et al., 1996). The effects of
volcanic pollutants on the respiratory health of children across the Island of Hawai’i
was investigated by Tam et al., 2016, who found that chronic exposure was associated
with a decrease in lung function and increased prevalence of cough, but not with the
prevalence of bronchitis or asthma.

As yet there has been no investigation to determine whether health issues increased
in magnitude on the Island of Hawai‘i resulting from the elevated SO2 emissions during
the LERZ eruption in 2018. However, in Chapter 2, I analyse SO2 and PM2.5 concen-
trations during this unprecedented eruption, comparing the air quality to a background
period of lower volcanic activity. This chapter provides a study of downwind concen-
trations of SO2 and PM on the Island of Hawai‘i on a longer time-scale (12 years for
SO2 and 9 years for PM) than has previously been achieved. In this chapter I also
examine data from a network of low-cost miniaturised particulate sensors and compare
them to reference-grade BAM-1020 monitors to determine their reliability for volcanic
PM monitoring in downwind environments. I estimate a first-order conversion rate for
SO2 to sulfate aerosols using the reference-grade air quality network and the HYSPLIT
plume dispersal model, and achieve a value in the same order of magnitude as that
calculated by Kroll et al., 2015 during the lower SO2 emission period.

1.8.2 Chapter 3 - Masaya volcano

Masaya volcano in Nicaragua has a long history of degassing as far back as the 1500s
(Rymer et al., 1998), with multiple cycles of increased SO2 emissions, the latest of which
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started in 1993 causing large fluxes of volcanic gas to be released into the atmosphere
(Burton et al., 2000; Mather et al., 2006; Rymer et al., 1998; Williams-Jones et al.,
2003). Masaya has frequently hosted an active lava lake over recent decades, and the
persistent passive degassing at this volcano means it has been well-studied as an example
of a volcanic SO2 emission source (Mather et al., 2006; Mather et al., 2003; Nadeau and
Williams-Jones, 2009; Pering et al., 2019; Stoiber et al., 1986; Williams-Jones et al.,
2003).

Masaya volcano is relatively low-lying (635 m asl), which often results in the volcanic
plume remaining trapped in the low atmosphere and frequently causes exposure of
large areas downwind to high concentrations of SO2 and PM (Delmelle et al., 2002;
Nadeau and Williams-Jones, 2009). Prevailing winds cause the plume to predominantly
be dispersed towards the west over an area higher than the volcanic crater, and the
effects of the volcanic pollutants are distinctly noticeable in this region with sparse
vegetation cover along the route of plume dispersion (Baxter et al., 1982; Delmelle et
al., 2002; van Manen, 2014). In the affected downwind region, residents reported eye
and skin irritation (Baxter et al., 1982), bronchitis and headache symptoms (Delmelle
et al., 2002) and respiratory issues (van Manen, 2014). The dense plume from Masaya
volcano also affects metal structures in the exposed downwind area, with metal building
materials and communication infrastructure rapidly rusting and corroding (Baxter et
al., 1982; Delmelle et al., 2002; Williams-Jones and Rymer, 2015).

Volcanic activity at Masaya volcano is monitored by Instituto Nicaragüense de Estu-
dios Territoriales (INETER), but this does not include monitoring of air quality down-
wind of the crater. Nicaragua is an economically low-income country and one of the
poorest in Latin America (World Food Programme, 2022). Installation of a network
of reference-grade air quality monitoring stations in the region downwind of Masaya
volcano would be significantly challenging due to the high financial burden and limited
infrastructure for mains power. As such there has never been a permanent air quality
monitoring network in the downwind region frequently exposed to the volcanic emis-
sions. In Chapter 3, I analyse data from a six-month deployment of five low-cost air
quality stations, comprising of electrochemical gas sensors and miniaturised particulate
sensors, which were a first-attempt to monitor volcanic pollutants in the downwind re-
gion over a long time-scale. The stations were installed in communities in the affected
downwind areas in an attempt to monitor the extent of volcanic pollutants that res-
idents are exposed to, and to determine whether low-cost sensors could be used as a
permanent system to monitor air quality in the region. Chapter 3 of this thesis is a
study of the effectiveness of the low-cost sensors in this environment and uses a number
of methods to assess whether these instruments are suitable for long-term downwind
volcanic air quality monitoring. This chapter has implications for the future use of
low-cost instruments in Nicaragua and in other similar volcanic areas and discusses the
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practicalities and challenges of using such instrument systems.

1.8.3 Chapter 4 - Fagradalsfjall volcano

Iceland is an extremely volcanically active country with > 30 active volcanic systems
(Sturkell et al., 2006; Thordarson and Larsen, 2007). Notable eruptions in recent
decades include the 2010 eruption of Eyjafjallajökull and the 2014 - 15 eruption at
Holuhraun, both of which had far-reaching implications in the northern hemisphere
(Ilyinskaya et al., 2017; Langmann et al., 2012; Schmidt et al., 2015). The 2014 -
15 Holuhraun eruption released an estimated 9.6 Mt of SO2 and caused widespread
air quality deterioration around Iceland, with multiple occasions in the capital city of
Reykjavík, 250 km from the eruption site, where SO2 concentrations exceeded health
guidelines (Gıślason et al., 2015). As discussed in Section 1.3, the Holuhraun eruption
was the focus of two recent studies investigating the impact of large-scale volcanic emis-
sions on health. Carlsen et al., 2021a and Carlsen et al., 2021b found that exposure of
the population to high concentrations of SO2 and PM can result in uptake in asthma
medication and increased utilisation of health care for respiratory diseases.

The 2021 Fagradalsfjall eruption was on a much smaller-scale than the Holuhraun
eruption, approximately 10 times smaller when considering both the volume of lava
erupted and the total SO2 emissions (IMO, 2021e, Pfeffer et al. 2018). However, the
Fagradalsfjall eruption was the first to occur on the Reykjanes Peninsula in > 750 years,
making it the first eruption in modern history to be located within 50 km of Reykjavík,
the densest population centre in Iceland. This makes the Fagradalsfjall eruption an
excellent opportunity to investigate the potential air quality impacts and population
exposure to volcanic pollutants in a small-scale eruption which occurs in relative prox-
imity to densely-populated areas. During the Fagradalsfjall eruption there was a very
dense network of reference-grade air quality stations in Iceland, providing data on fluc-
tuations in air quality with a fine spatial distribution, particularly in the areas with
high population densities. In Chapter 4, I analyse data from the reference-grade air
quality network across Iceland to determine the impact of the Fagradalsfjall eruption
on SO2 and PM concentrations with respect to background non-volcanic periods. I
also analyse data from five eruption-response low-cost instruments within 3 km of the
eruption site, providing measurements of near-field SO2 concentrations which visitors
to the eruption site may have been exposed to. Using the CALPUFF dispersion model
and population distribution data, I estimate the number of Icelandic residents who may
have been exposed to concentrations of SO2 above health threshold levels during the
course of the eruption. This chapter provides important insights into the air quality
impact which can occur as a result of small-scale proximal volcanic eruptions.

The Fagradalsfjall eruption lasted for six months before activity ceased, but new
eruptions are anticipated in the same region over the next century. Volcanic activity



24 Chapter 1: Introduction

on the Reykjanes Peninsula is cyclic, with periods of prolonged volcanism occurring
approximately every 800 years (Björnsson et al., 2020; Hreinsdóttir et al., 2001; Pałgan
et al., 2017). With this being the case, studies of the air quality impacts from such an
eruption are important for future similar events in Iceland, as well as providing potential
insights to other volcanic systems in densely-populated areas of the world.
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Chapter 2

Spatial and Temporal Variations in
SO2 and PM2.5 Levels from
2007 - 2018 Kı̄lauea Volcano,
Hawai‘i

Abstract

Among the hazards posed by volcanoes are the emissions of gases and particles that can
affect air quality and damage agriculture and infrastructure. A recent intense episode
of volcanic degassing associated with severe impacts on air quality accompanied the
2018 lower East Rift Zone (LERZ) eruption of Kı̄lauea volcano, Hawai‘i. This resulted
in a major increase in gas emission rates with respect to usual emission values for
this volcano, along with a shift in the source of the dominant plume to a populated
area in the lower flank of the volcano. This led to reduced air quality in downwind
communities. We analyse open-access data from the permanent air quality monitoring
networks operated by the Hawaii Department of Health (HDOH) and National Park
Service (NPS), and report on measurements of atmospheric sulfur dioxide (SO2) between
2007 - 2018 and PM2.5 (aerosol particulate matter with diameter <2.5 µm) between
2010 - 2018. Additional air quality data were collected through a community-operated
network of low-cost PM2.5 sensors during the 2018 LERZ eruption. From 2007 - 2018
the two most significant escalations in Kı̄lauea’s volcanic emissions were: the summit
eruption that began in 2008 (Kı̄lauea emissions averaged 5 - 6 kt/day SO2 from 2008
until summit activity decreased in May 2018) and the LERZ eruption in 2018 when SO2

emission rates reached a monthly average of 200 kt/day during June. In this paper we
focus on characterising the airborne pollutants arising from the 2018 LERZ eruption and
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the spatial distribution and severity of volcanic air pollution events across the Island
of Hawai‘i. The LERZ eruption caused the most frequent and severe exceedances of
the Environmental Protection Agency (EPA) PM2.5 air quality threshold (35 µg/m3

as a daily average) in Hawai‘i in the period 2010 - 2018. In Kona, for example, the
maximum 24-hour-mean mass concentration of PM2.5 was recorded as 59 µg/m3 on the
twenty-ninth of May 2018, which was one of eight recorded exceedances of the EPA air
quality threshold during the 2018 LERZ eruption, where there had been no exceedances
in the previous eight years as measured by the HDOH and NPS networks. SO2 air
pollution during the LERZ eruption was most severe in communities in the south and
west of the island, as measured by selected HDOH and NPS stations in this study, with
a maximum 24-hour-mean mass concentration of 728 µg/m3 recorded in Ocean View
(100 km west of the LERZ emission source) in May 2018. Data from the low-cost sensor
network correlated well with data from the HDOH PM2.5 instruments, confirming that
these low-cost sensors provide a robust means to augment reference-grade instrument
networks.

2.1 Introduction

Volcanic clouds are complex, evolving mixtures of volcanic and atmospheric gases, pri-
mary and secondary aerosol particles, ash and dust (Oppenheimer and McGonigle 2004;
Pfeffer et al. 2006b; von Glasow et al. 2009; Oppenheimer et al. 2010; Langmann 2014).
As well as the potential for global climatic consequences from explosive or large-scale
volcanic emissions, low altitude volcanic clouds can have important impacts on air qual-
ity, human and animal health and the environment on the local to regional scale (Hansell
and Oppenheimer 2004; Barsotti et al. 2010; Tam et al. 2016; Andronico and Del Carlo
2016; Schmidt et al. 2015; Mather 2015; Ilyinskaya et al. 2017).

Gaseous sulfur dioxide (SO2) is usually highly concentrated in volcanic emissions
compared to the background atmosphere and is often the focus of gas emission mon-
itoring due to the relative ease of its measurement and its important environmental
and air quality consequences (Cadle et al., 1971; Lambert et al., 1988; Loughlin et al.,
2012; Schmidt et al., 2015). Population sub-groups including children, asthmatics and
cardiac- or respiratory-compromised individuals are particularly vulnerable to exposure
to SO2 (ATSDR, 1998; CRI, 2004). For example, exposure to mass concentrations of
1310 µg/m3 SO2 for three minutes can induce respiratory attacks in asthmatic individ-
uals (ATSDR, 1998; Balmes et al., 1987). In 2010 the U.S. Environmental Protection
Agency (EPA) set the National Ambient Air Quality Standard (NAAQS) for SO2 mass
concentration exposure limits at 195 µg/m3 as an hourly average (EPA, 2010). Per-
sistent volcanic SO2 emissions on the Island of Hawai‘i led the state of Hawai‘i being
designated as unclassifiable for the EPA 2010 NAAQS, and as such Hawai‘i uses the
pre-2010 EPA SO2 exposure limit of 366 µg/m3 as 24-hour average (EPA, 2013). The
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European Commission (EC) air quality standards recommend a SO2 mass concentra-
tion threshold of 350 µg/m3 for a three-hour average, and 125 µg/m3 as a daily average
(EC, 2018).

Particulate matter (PM) in volcanic clouds is also significant in the context of en-
vironment and health. The chemical composition of volcanogenic PM2.5 (PM with
diameter <2.5 µm) is highly heterogeneous. Typical chemical species include sulfates
(primary emissions or formed via oxidation of sulfur gases) (Allen et al., 2002; Ca-
dle et al., 1971; Langmann, 2014; Mather et al., 2003; Stockwell and Calvert, 1983)
and halides, with an array of metals and metalloids including environmentally-harmful
species such as lead and cadmium (Langmann, 2014; Longo, 2013). PM2.5 is a well-
established indicator for air quality, since it commonly includes particulates derived
from transport and industrial sources, fine wind-blown mineral dust, ambient matter
and volcanic material (Butwin et al., 2019; Holgate, 2017; Lim et al., 2012; Tam et al.,
2016). It has been estimated that the health burden due to exposure to ambient PM2.5

globally amounts to more than three million premature deaths each year (Lim et al.,
2012), and is especially linked to increases in death from cardiovascular and respiratory
diseases in vulnerable individuals (Holgate, 2017). EPA NAAQS thresholds recommend
a PM2.5 mass concentration exposure limit of 35 µg/m3 as a daily average (EPA, 2013).
This is higher than the 24-hour mean exposure guideline of 25 µg/m3 established by the
World Health Organization (WHO, 2005).

2.2 Kı̄lauea eruptive activity, 2007 - 2018

Kı̄lauea volcano on the Island of Hawai‘i consists of a summit caldera at 1200 m a.s.l.
and rift zones to the south-west and east. From 1983 until 2008, activity at Kı̄lauea was
concentrated on the middle East Rift Zone (ERZ), primarily near the Pu‘u ‘Ō‘ō vent
(Elias and Sutton, 2007; Poland et al., 2008) [Figure 2.1(A)]. Between 2002 and 2006,
average SO2 flux from the ERZ was 1.7 ± 0.7 kt/day, while emissions from the summit
were low at 0.1 kt/day (Elias and Sutton, 2007). From November 2007 to March 2008,
SO2 emissions at the summit increased to levels 10 times the long-term background
(Wooten et al., 2009) [Figure 2.2(A)]. On the twelfth of March 2008, a new vent opened
within the Halema‘uma‘u summit crater, leading to sporadic explosive eruptions and
increased degassing of SO2.

Kı̄lauea’s SO2 emissions peaked in the summer of 2008, when a total emission rate
of up to 20 kt/day was measured by satellite sensors (Beirle et al., 2014). At this time,
emissions from both the ERZ and the summit were significant, with the two sources
contributing variable amounts to the total degassing rate (Elias and Sutton, 2012).
For the period 2009 - 2017, the dynamic activity at Kı̄lauea was reflected in variable
emissions, with a long-term average of 5 - 6 kt/day based on satellite and ground-based
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measurements (Carn et al., 2016; Eguchi et al., 2011; Elias et al., 2018; Elias and Sutton,
2012) [Figure 2.2(A)]. Lava was first observed in the Halema‘uma‘u summit crater in
September 2008, with a permanent lava lake visible from February 2010 until May 2018
(Neal et al., 2019; Patrick et al., 2013).

The 2018 Kı̄lauea eruption in the lower East Rift Zone (LERZ) began following
the collapse of the Pu‘u ‘Ō‘ō vent on the thirtieth of April (Neal et al. 2019; HVO,
2018). Twenty-four fissures opened over a distance of 6.8 km in the vicinity of Leilani
Estates [Figure 2.1(A)]. During the first week of the LERZ eruption, spattering activity
at individual fissures was typically short-lived (minutes to hours in duration) and lava
was viscous with spatter deposition within tens of meters of individual fissures. On
the eighteenth of May, the eruptive style evolved to less viscous lava and resulted in
fast-moving lava flows which reached the ocean two days later (HVO, 2018). By the
end of May 2018, activity had become focused at Fissure 8, and this remained the
dominant fissure for the remainder of the LERZ eruption (Neal et al., 2019). Lava
fountains from Fissure 8 reached heights of 80 m, and lava effusion rates ranged from
50 - 200 m3/s (Neal et al., 2019). Lava from Fissure 8 flowed in a semi-stable channel
to the ocean and eventually covered an area of land 35.5 km2 (Neal et al. 2019; HVO,
2018). This eruption was the largest along Kı̄lauea’s LERZ in the last two centuries
and had far-reaching impacts around the Island of Hawai‘i. With the collapse of the
Pu‘u ‘Ō‘ō vent and draining of Kı̄lauea’s summit magma reservoir, the dominant source
of volcanic SO2 became the LERZ eruptive vents. SO2 emissions reached an average of
200 kt/day in June 2018 (Kern et al. 2019), severely impacting island-wide air quality.
The eruption declined rapidly at the end of July and lava effusion ceased on the fourth
of August 2018 (Neal et al., 2019).

2.2.1 Downwind processes and impacts

Since initiation of intermittent fountaining activity at Kı̄lauea in 1983, SO2 emissions
have been a health concern among downwind communities on the Island of Hawai‘i. As
emissions from Kı̄lauea are dispersed downwind, communities are exposed to volcanic
smog, locally known as vog, predominantly composed of SO2 and fine particles of sulfuric
acid aerosol (Elias and Sutton, 2017; Halliday et al., 2015; Longo, 2009; Longo et al.,
2010; Tam et al., 2016). Prevailing trade winds from the north-east, particularly during
the period from April to October, carry Kı̄lauea’s emissions over the communities to the
south and west (Elias and Sutton, 2017; Longo et al., 2008; Longo et al., 2005; Michaud
et al., 2007; Tam et al., 2016) [Figure 2.1(A)]. The Island of Hawai‘i has relatively low
population density in the south [Figure 2.1(B)], with ≈ 4400 residents in Ocean View
and ≈ 1300 residents in Pahala. Trade winds from the north-east are influenced by the
high topography of Mauna Loa and Mauna Kea, generating more localised air movement
in the lee of the island on the west coast (Michaud et al., 2007) [Figure 2.1(A)]. This
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Figure 2.1: Island of Hawai‘i. (A) Ground-based sampling networks; HDOH and NPS stations
indicated with black stars. Kı̄lauea summit, Pu‘u ‘Ō‘ō vent and 2018 lower East Rift Zone erup-
tion site indicated with red triangles. Selection area of community-operated PM2.5 instruments
indicated with blue highlight. Wind directions at Kona International Airport (KIA, empty black
cross) and Hilo International Airport (HIA, empty black square) displayed as seasonal wind roses
for period 2007 - 2018 (NOAA, 2019). Note "Volcano Ob." stands for Volcano Observatory.
(B) Population density per square kilometer on the Island of Hawai‘i, based on 2010 Census
data. Highest population density is located in the east-coast city of Hilo (population ≈ 45,700)
and the west-coast city of Kailua-Kona (population ≈ 28,500) (Hawai‘i Department of Business
Economic Development and Tourism, 2011).

wind shadow allows a potentially longer residence time for air pollutants (volcanogenic
or otherwise) along the densely-populated western coastline [Figure 2.1(B)]. During
the winter months (November to March), the trade winds weaken and southerly and
westerly winds may distribute vog towards the densely-populated eastern coastline of
the island (Mannino et al., 1996; Michaud et al., 2004; Wyrtki and Meyers, 1976) [Figure
2.1(B)].

Numerous studies have investigated the impact of Kı̄lauea’s SO2 emissions on the
health of island residents, even at the relatively low levels of degassing prior to the
emergence of the lava lake in 2008. Mannino et al., 1996 reviewed the frequency of visits
to emergency departments and hospitalisations for respiratory issues during periods of
continuous and discontinuous SO2 emissions throughout the 1980s. Communities on
the western side of the island frequently exposed to vog were found to have higher
rates of hospitalisations for chronic obstructive pulmonary disease than the east-coast
city of Hilo, which is rarely exposed to vog. Periods of weakened north-easterly trade
winds coincided with a 15 % increase in emergency department visits for asthma in
Hilo (Mannino et al., 1996). In 2004, the health of Hawai‘i residents in vog-exposed
and -unexposed communities was surveyed (Longo et al., 2008; Longo, 2009). Those in
exposed communities were found to have a significantly increased prevalence of cough,
phlegm, sinus congestion, rhinorrhoea, wheezing, eye irritation and bronchitis than
those in unexposed communities. Following the increase in SO2 flux from Kı̄lauea’s
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summit in 2008, Longo, 2013 reassessed the vog-related health impacts on the residents
of the Island of Hawai‘i. The magnitude of cardio-respiratory issues in vog-exposed
communities was found to have increased as compared to 2004 (Longo et al., 2008),
with the risk factor of acute cardiac events in persons aged >50 years increased by
12 % (Longo, 2013). A study by Tam et al., 2016 investigated the effects of vog on
the respiratory health of school children across Hawai‘i, finding that chronic exposure
to vog was associated with increased prevalence of cough and potential decrease in
lung function, but not with the prevalence of asthma or bronchitis. The unprecedented
emission rates of the 2018 LERZ eruption has presented a continued motivation to
further characterise the severity and distribution of volcanic air pollution during elevated
volcanic activity.

The 2018 Kı̄lauea LERZ eruption provided a unique opportunity to study the im-
pacts arising from a large low-altitude cloud rich in SO2 in a populated and well-
instrumented part of the world. Here we used open-access data from a network of
reference-grade instruments in populated areas around the Island of Hawai‘i to deter-
mine the severity of SO2 and PM2.5 impact on air quality from the LERZ eruption. We
compare air quality during the LERZ eruption to that from a lower emission period,
defined to be January 2007 to December 2017 for SO2 and January 2010 to December
2017 for PM2.5. We examine a network of community-operated PM2.5 instruments and
compare their measurements to those from reference-grade instruments. From these
data, we demonstrate that SO2 and PM2.5 mass concentrations during the 2018 LERZ
eruption in selected communities around the island were of a higher magnitude than
during volcanic activity from Kı̄lauea during 2007 to 2017.

2.3 Data and Methods

2.3.1 Continuous SO2 and PM2.5 air quality monitoring

Hawaii Department of Health (HDOH) ambient air quality stations continuously mon-
itor SO2 and PM2.5 mass concentrations around the Island of Hawai‘i [Figure 2.1(A)].
Automated SO2 monitoring stations have been operational since 1997 in Hilo, 2005 in
Kona, 2007 in Pahala and 2010 in Ocean View. A National Park Service (NPS) ambi-
ent air quality station monitors SO2 inside of Hawai‘i Volcanoes National Park at the
Volcano Observatory. PM2.5 has been autonomously monitored since 2005 in Mountain
View and Kona, 2008 in Hilo and Pahala and since 2010 in Ocean View.

SO2 is measured by a pulsed fluorescence spectroscopy analyser (model 43i manu-
factured by Thermo Scientific) that is designated by the EPA for measurements in the
range of 0 - 1000 ppb, with a lower detectable SO2 limit of 0.5 ppb and a precision
of 1 ppb (Thermo Fisher Scientific 2010; EPA, 2016). FEM-designated instruments
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(Forum for Environmental Measurements), such as this SO2 analyser, promote consis-
tency in measurements and laboratory conditions ensuring that the instruments are of
reference-grade quality (EPA, 2016). Following EPA regulations, the analysers undergo
in-situ calibration checks weekly, with a multi-point calibration run every six months.
PM2.5 mass concentrations are measured by a Beta Attenuation Monitor (BAM) with
a 60-minute sampling rate. The BAM instrument (model BAM-1020, manufactured by
Met One Instruments) is FEM-designated for measurements of particles in the size range
of 0 - 1000 µm (with PM2.5 being a small subset of the measured particle size range),
with a resolution of 1µm particle diameter and a lower detection limit of 4 µg/m3 (Met
One Instruments Inc. 2008; EPA, 2016). The BAM instruments undergo calibration
and auditing every six months. Permanent HDOH ambient air quality stations are kept
in air-conditioned enclosures to maintain long-term stability. Data from the air quality
stations are streamed in near-real time to the HDOH website, which is open-access and
publicly-available (HDOH, 2019).

Data from the HDOH and NPS station networks used in this study have been cate-
gorised into regions for the purpose of data analysis. The western region includes Kona
HDOH station on the west coast of the Island of Hawai‘i. The southern region in-
cludes Volcano Observatory NPS station and Pahala and Ocean View HDOH stations.
The eastern region includes the Hilo and Mountain View HDOH stations. We compare
the HDOH and NPS SO2 timeseries data against the European Commission 24-hour
air quality threshold (125 µg/m3) and the Hawai‘i 24-hour ambient air quality standard
(366 µg/m3). The HDOH PM2.5 timeseries data is compared to the World Health Orga-
nization 24-hour exposure limit (25 µg/m3) and the Environmental Protection Agency
NAAQS 24-hour limit (35 µg/m3).

2.3.2 Community-operated PM2.5 instruments

PurpleAir (Utah, USA) instruments are low-cost (approximately $250 per unit) par-
ticulate sensors that are purchased and operated by individuals and provide open ac-
cess data online (PurpleAir, 2019). PurpleAir instruments contain Plantower PMS5003
nephelometer sensors, which use a small fan to draw air through a laser-induced light,
and a photo-diode detector converts 90°-scattered light into a voltage pulse (Kelly et al.,
2017). PMS5003 sensors have a 10 second response time and detect particles between
0.3 µm - 10 µm in diameter (Kelly et al., 2017; Sayahi et al., 2019). The maximum
consistency error of the sensors is stated by the manufacturer to be ± 10 µg/m3 be-
tween 0 - 100 µg/m3 (Plantower, 2016). The instruments are factory calibrated prior to
sale (PurpleAir, 2019). PM mass concentration measurements are calculated using an
atmospheric calibration factor, details of which are not provided by the manufacturer
(Kelly et al., 2017; Sayahi et al., 2019; Zheng et al., 2018). PurpleAir instruments con-
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tain two Plantower PMS5003 sensors mounted in one housing, allowing self-consistency
checks to alert when significant differences are reported between the internal sensors.
An ESP8266 wireless chip is included in PurpleAir instruments to upload data via WiFi
to an online cloud database, which is open-access (Sayahi et al., 2019).

Prior to the 2018 LERZ eruption, six community-operated PurpleAir instruments
were located on the Island of Hawai‘i, three of which were in the Kona area in the
western region. Installation dates ranged from August 2017 to February 2018. Follow-
ing the onset of the LERZ eruption and island-wide increase in atmospheric pollutants,
the number of PurpleAir instruments increased, with a further twenty instruments in-
stalled across the western region of the island over the course of May to July 2018.
These instruments were purchased and installed by individuals and were not part of a
coordinated community network.

We carried out fieldwork during the 2018 LERZ eruption and co-located PurpleAir
instruments with HDOH ambient air quality stations at Kona and Ocean View [Figure
2.1(A)]. Two PurpleAir PA-II instruments were installed at the Kona station, one from
the fifth of June to September 2018 and a second from the nineteenth of July to the third
of August, and one PurpleAir PA-II instrument was installed at the Ocean View station
from the nineteenth of July to the third of August 2018. The PurpleAir instruments
were installed close to the inlet for the BAM instruments, on the roofs of the air quality
shelters and away from obstructions. Other than the coordinates of the instrument,
no spatial environmental information is provided in association with the PurpleAir
instruments. The digital location of PurpleAir instruments is manually pin-pointed
by the user during the installation process and we assume that the given measurement
location matches reality. However we cannot determine whether the instrument location
is optimised for PM measurements, i.e. away from potential contaminants or obstacles
which would bias the PM measurements. For this reason, measurement uncertainty
arising from factors such as installation in proximity to potential contamination sources
in community-operated PurpleAir instruments should be considered significantly higher
than those placed in optimal conditions near HDOH stations. Community-operated
PurpleAir instruments were selected for analysis along the region highlighted in blue in
Figure 2.1(A).

2.4 Results

2.4.1 SO2 mass concentrations 2007 - 2018

2.4.1.1 Western region: Kona

During 2007 - 2017, the west-coast city of Kailua-Kona was commonly exposed to low
mass concentrations of SO2, with a maximum recorded 24-hour-mean mass concentra-
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tion of 79 µg/m3 recorded at the Kona HDOH station [Table 2.1]. SO2 air pollution in
Kona increased with the onset of summit activity in 2008 (2008 - 2017 average mass
concentrations were 7.7 µg/m3 compared to 3 µg/m3 in 2007) [Figure 2.2(B)]. During
2007 - 2017 there were no 24-hour periods where SO2 mean mass concentrations at the
HDOH Kona station exceeded Hawai‘i or EC recommended thresholds [Figure 2.2(B)].

Kona experienced elevated SO2 mass concentrations during the 2018 LERZ eruption,
with a peak 24-hour-mean mass concentration of 136 µg/m3 measured at the Kona
station. During the 2018 LERZ eruption, SO2 mass concentrations in Kona did not
exceed the Hawai‘i SO2 threshold of 366 µg/m3 [Figure 2.2(B)], but did exceed the
125 µg/m3 EC threshold on one occasion [Table 2.1].

2.4.1.2 Southern region: Volcano Observatory, Pahala and Ocean View

Following initiation of Kı̄lauea’s summit activity in 2008, the HDOH-operated Pahala
station and the NPS-operated Volcano Observatory station routinely recorded high
concentrations of SO2 [Figure 2.2(C)], with SO2 mass concentrations exceeding the
Hawai‘i 366 µg/m3 24-hour-mean threshold 0.7 % of the time at both Volcano Obser-
vatory (twenty-eight exceedance events) and Pahala (thirty exceedance events) [Table
2.1]. The maximum 24-hour-mean mass concentration recorded by the NPS station at
Volcano Observatory during 2007 - 2017 was 1068µg/m3, and by the HDOH station
in Pahala was 776 µg/m3. The Ocean View HDOH station is located farther to the
south-west than Pahala and Volcano Observatory, at a greater distance from Kı̄lauea’s
summit and the ERZ [Figure 2.1(A)]. During the period 2010 - 2017, SO2 mass concen-
trations recorded at Ocean View exceeded the Hawai‘i 24-hour-mean threshold 0.1 % of
the time (three exceedance events). The maximum 24-hour-mean mass concentration
recorded at Ocean View was 403µg/m3, significantly lower than measured at Volcano
Observatory and Pahala [Table 2.1].

In comparison, during the 3-months of the 2018 LERZ eruption, SO2 mass con-
centrations exceeded the Hawai‘i 366 µg/m3 threshold 2.1 % of the time at Volcano
Observatory (two exceedance events), 5.3 % of the time at Pahala (five exceedance
events) and 4.2 % at Ocean View (four exceedance events). Maximum 24-hour-mean
mass concentrations at Volcano Observatory and Pahala were lower than those measured
during 2008 - 2017 (450 µg/m3 and 555 µg/m3, respectively), but the relative frequency
of exceedance events increased [Table 2.1]. During the 2018 LERZ eruption, the Ocean
View station recorded a peak 24-hour-mean mass concentration of 728 µg/m3, almost
double the previous peak measurement of 403 µg/m3 recorded at that station in January
2016.
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Figure 2.2: SO2 mass concentrations relative to health guidelines in selected populated areas
of Island of Hawai‘i. (A): SO2 emissions from Kı̄lauea summit indicated with black stars; from
ERZ indicated with red triangles; from 2018 LERZ eruption indicated with blue square. Note
logarithmic scale. (B,C,D): SO2 air quality (24-hour mean) in communities from 2007 to the
end of 2018. Solid red line: Hawai‘i Standard air quality threshold (24-hr mean - 366 µg/m3);
dashed orange line: European Commission (EC) air quality threshold (24-hr mean - 125 µg/m3).
Dashed black line: 2008 initiation of summit activity; blue highlight: 2018 LERZ eruption
duration. (A): SO2 emissions data sourced from Beirle et al., 2014; Elias et al., 2018; Elias and
Sutton, 2012; Elias et al., in preparation. Summit emissions for 2008 - 2012 are from Beirle
et al., 2014. LERZ data-point represents the average SO2 emission from the LERZ eruption
for June 2018, taken from Kern et al., 2019. (B) note that "Volcano Ob." stands for Volcano
Observatory; (D) seasonal average for Hilo between 2007 - 2017 indicated by orange bars.
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2.4.1.3 Eastern region: Hilo

During the period 2007 - 2017, SO2 mass concentrations in Hilo followed a distinct
seasonality [Figure 2.2(D)]. Peak SO2 mass concentrations were commonly observed in
Hilo in November to March (average monthly concentration of 11 µg/m3) with low mass
concentrations in the intervening months of April to October (average monthly mass
concentration of 3.6 µg/m3, as calculated from 2007 - 2017) [Figure 2.2(D)]. Exceedances
of the EC 24-hour-mean threshold (125 µg/m3) rarely occurred outside this peak season.
In the period 2007 - 2017 there were twenty-one exceedance events during November to
March, compared with just three between April to October. The seasonal variations in
SO2 mass concentrations observed in Hilo can be explained by the strong prevalence of
northeasterly trade winds during April to October (Wyrtki and Meyers, 1976) [Figure
2.1(A)]. During these months, emissions from Kı̄lauea’s summit and the ERZ were
dispersed predominantly to the south-west of the Island. The trade winds weaken
between November to March, allowing SO2 to be dispersed to the east of the island
(Elias and Sutton, 2017; Mannino et al., 1996; Michaud et al., 2004).

During the third of May to fourth of August LERZ eruption, the HDOH station in
Hilo recorded a maximum 24-hour-mean mass concentration of 144 µg/m3, which was
recorded on the twenty-first of June [Table 2.1], and was the only exceedance of the EC
24-hour-mean threshold during the three-month eruption. The SO2 mass concentra-
tions measured during the LERZ eruption were lower than the average measurements
during the 2007 - 2017 period. SO2 mass concentrations in Hilo are usually low during
the months when the LERZ eruption occurred. Nevertheless, during the 2018 LERZ
eruption, SO2 mass concentrations in Hilo rose significantly above the average for the
season (average 24-hour-mean SO2 mass concentration during 2018 LERZ eruption was
6.9 µg/m3, in comparison to the usual seasonal average of 3.6 µg/m3).



56
Chapter 2: SO2 and PM2.5 from the 2018 lower East Rift zone eruption of Kı̄lauea

volcano, Hawai‘i

T
ab

le
2.

1:
Im

pa
ct

of
th

e
20

18
LE

R
Z

er
up

ti
on

on
co

nc
en

tr
at

io
ns

of
SO

2
an

d
P

M
2.

5
.

A
ll

un
it

s
in

µg
/m

3
.

E
xc

ee
da

nc
es

of
ai

r
qu

al
it
y

st
an

da
rd

s
ar

e
in

di
ca

te
d

fo
r

24
ho

ur
m

ea
ns

,
an

d
ca

lc
ul

at
ed

as
pe

rc
en

ta
ge

of
to

ta
l
m

ea
su

re
m

en
t

du
ra

ti
on

.
D

is
ta

nc
es

be
tw

ee
n

em
is

si
on

po
in

ts
an

d
m

ea
su

re
m

en
ts

si
te

s
ar

e
st

ra
ig

ht
lin

e
di

st
an

ce
s;

th
e

em
is

si
on

s
w

ill
no

t
al

w
ay

s
fo

llo
w

th
e

m
os

t
di

re
ct

ro
ut

e
fr

om
ne

ar
-t

o
fa

r-
fie

ld
.

N
ot

e:
no

da
ta

av
ai

la
bl

e
fo

r
P

M
2.

5
at

V
ol

ca
no

O
bs

er
va

to
ry

,o
r

H
ilo

fo
r

20
10

-
20

17
;n

o
da

ta
av

ai
la

bl
e

fo
r

SO
2

at
M

ou
nt

ai
n

V
ie

w
.

*
Lo

w
em

is
si

on
pe

ri
od

fo
r

SO
2

fr
om

th
e

fir
st

of
Ja

nu
ar

y
20

07
to

th
e

th
ir

ty
-fi

rs
t

of
D

ec
em

be
r

20
17

an
d

fo
r

P
M

2.
5

fr
om

th
e

fir
st

of
Se

pt
em

be
r

20
10

to
th

e
th

ir
ty

-fi
rs

t
of

D
ec

em
be

r
20

17
;*

*
hi

gh
em

is
si

on
20

18
LE

R
Z

pe
ri

od
fo

r
SO

2
an

d
P

M
2.

5
fr

om
th

e
th

ir
d

of
M

ay
20

18
to

th
e

si
xt

h
of

A
ug

us
t

20
18

.
**

*
E

xc
ep

ti
on

s
du

e
to

da
ta

av
ai

la
bi

lit
y:

M
ou

nt
ai

n
V

ie
w

lo
w

em
is

si
on

fo
r

P
M

2.
5

fr
om

th
e

fir
st

of
D

ec
em

be
r

20
10

to
th

e
th

ir
ty

-fi
rs

t
of

D
ec

em
be

r
20

17
;

V
ol

ca
no

O
bs

er
va

to
ry

hi
gh

em
is

si
on

20
18

LE
R

Z
pe

ri
od

fo
r

SO
2

fr
om

th
e

th
ir

d
of

M
ay

20
18

to
th

e
th

ir
d

of
Ju

ly
20

18
;O

ce
an

V
ie

w
lo

w
em

is
si

on
fo

r
SO

2
fr

om
tw

en
ty

-t
hi

rd
of

A
ug

us
t

20
10

to
th

e
th

ir
ty

-fi
rs

t
of

D
ec

em
be

r
20

17
.

St
at

io
n

L
oc

at
io

n
M

ea
su

re
m

en
t

P
er

io
d

Su
lf
ur

D
io

xi
de

(S
O

2)
P
ar

ti
cu

la
te

s
(P

M
2.

5)

(S
O

2)
(u

g/
m

3 )
24

-h
ou

r
m

ea
n

E
xc

ee
da

nc
e

H
aw

ai
‘i

th
re

sh
ol

d
(2

4-
ho

ur
>

36
6

ug
/m

3 )
E
xc

ee
da

nc
e

E
C

th
re

sh
ol

d
(2

4-
hr

>
12

5
ug

/m
3 )

(P
M

2.
5)

(u
g/

m
3 )

24
-h

ou
r

m
ea

n
E
xc

ee
da

nc
e

E
P
A

th
re

sh
ol

d
(2

4-
ho

ur
>

35
ug

/m
3 )

E
xc

ee
da

nc
e

W
H

O
gu

id
el

in
e

(2
4-

hr
>

25
ug

/m
3 )

H
ilo

E
le

va
ti

on
:

12
1

m
as

l
40

km
N

E
of

su
m

m
it

35
km

N
W

of
F
is

su
re

8

L
ow

E
m

is
si

on
*

A
ve

ra
ge

7
A
ve

ra
ge

-

σ
19

1
da

y
0%

24
da

ys
0.

6%
σ

-
[N

o
D

at
a]

[N
o

D
at

a]

M
ax

40
3

M
ax

-

H
ig

h
E
m

is
si

on
20

18
L
E
R

Z
**

A
ve

ra
ge

6
A
ve

ra
ge

5

σ
21

0
da

ys
0%

1
da

y
1.

1%
σ

2
0

da
ys

0%
0

da
ys

0%
M

ax
14

4
M

ax
15

M
ou

nt
ai

n
V

ie
w

E
le

va
ti

on
:

42
6

m
as

l
26

km
N

E
of

su
m

m
it

23
km

N
W

of
F
is

su
re

8

L
ow

E
m

is
si

on
**

*
A
ve

ra
ge

-
A
ve

ra
ge

4

σ
-

[N
o

D
at

a]
[N

o
D

at
a]

σ
4

1
da

y
0%

3
da

ys
0.

1%
M

ax
-

M
ax

35

H
ig

h
E
m

is
si

on
20

18
L
E
R

Z
**

A
ve

ra
ge

-
A
ve

ra
ge

7

σ
-

[N
o

D
at

a]
[N

o
D

at
a]

σ
6

0
da

ys
0%

0
da

ys
0%

M
ax

-
M

ax
18

V
ol

ca
no

O
bs

er
va

to
ry

E
le

va
ti

on
:

11
61

m
as

l
2

km
N

W
of

su
m

m
it

35
km

W
of

F
is

su
re

8

L
ow

E
m

is
si

on
*

A
ve

ra
ge

24
A
ve

ra
ge

-

σ
67

28
da

ys
0.

7%
20

4
da

ys
5.

1%
σ

-
[N

o
D

at
a]

[N
o

D
at

a]

M
ax

10
68

M
ax

-

H
ig

h
E
m

is
si

on
20

18
L
E
R

Z
**

*

A
ve

ra
ge

56
A
ve

ra
ge

σ
10

6
2

da
ys

2.
1%

10
da

ys
10

.5
%

σ
-

[N
o

D
at

a]
[N

o
D

at
a]

M
ax

45
0

M
ax

-



§2.4 Results 57

T
ab

le
2.

2:
C

on
ti

nu
at

io
n

of
T
ab

le
2.

1

St
at

io
n

L
oc

at
io

n
M

ea
su

re
m

en
t

P
er

io
d

Su
lf
ur

D
io

xi
de

(S
O

2)
P
ar

ti
cu

la
te

s
(P

M
2.

5)

(S
O

2)
(u

g/
m

3 )
24

-h
ou

r
m

ea
n

E
xc

ee
da

nc
e

H
aw

ai
‘i

th
re

sh
ol

d
(2

4-
ho

ur
>

36
6

ug
/m

3 )
E
xc

ee
da

nc
e

E
C

th
re

sh
ol

d
(2

4-
hr

>
12

5
ug

/m
3 )

(P
M

2.
5)

(u
g/

m
3 )

24
-h

ou
r

m
ea

n
E
xc

ee
da

nc
e

E
P
A

th
re

sh
ol

d
(2

4-
ho

ur
>

35
ug

/m
3 )

E
xc

ee
da

nc
e

W
H

O
gu

id
el

in
e

(2
4-

hr
>

25
ug

/m
3 )

P
ah

al
a

E
le

va
ti

on
:

32
0

m
as

l
30

km
SW

of
su

m
m

it
66

km
SW

of
F
is

su
re

8

L
ow

E
m

is
si

on
*

A
ve

ra
ge

81
A
ve

ra
ge

6

σ
72

30
da

ys
0.

7%
72

9
da

ys
18

.1
%

σ
5

2
da

ys
0.

1%
3

da
ys

0.
1%

M
ax

77
6

M
ax

97

H
ig

h
E
m

is
si

on
20

18
L
E
R

Z
**

A
ve

ra
ge

12
9

A
ve

ra
ge

10

σ
10

8
5

da
ys

5.
3%

34
da

ys
35

.8
%

σ
5

0
da

ys
0%

0
da

ys
0%

M
ax

55
5

M
ax

24

O
ce

an
V

ie
w

E
le

va
ti

on
:

86
2

m
as

l
61

km
W

of
su

m
m

it
10

0
km

W
of

F
is

su
re

8

L
ow

E
m

is
si

on
**

*
A
ve

ra
ge

26
A
ve

ra
ge

12

σ
39

3
da

ys
0.

1%
93

da
ys

3.
5%

σ
5

4
da

ys
0.

1%
25

da
ys

0.
9%

M
ax

40
3

M
ax

42

H
ig

h
E
m

is
si

on
20

18
L
E
R

Z
**

A
ve

ra
ge

11
7

A
ve

ra
ge

26

σ
11

4
4

da
ys

4.
2%

27
da

ys
28

.4
%

σ
8

10
da

ys
10

.5
%

44
da

ys
46

.3
%

M
ax

72
8

M
ax

56

K
on

a
E
le

va
ti

on
:

51
7

m
as

l
67

km
W

of
su

m
m

it
10

6
km

W
of

F
is

su
re

8

L
ow

E
m

is
si

on
*

A
ve

ra
ge

7
A
ve

ra
ge

12

σ
7

0
da

ys
0%

0
da

ys
0%

σ
5

0
da

ys
0%

33
da

ys
1.

2%
M

ax
79

M
ax

33

H
ig

h
E
m

is
si

on
20

18
L
E
R

Z
**

A
ve

ra
ge

39
A
ve

ra
ge

24

σ
25

0
da

ys
0%

1
da

ys
1.

1%
σ

9
8

da
ys

8.
4%

33
da

ys
34

.7
%

M
ax

13
6

M
ax

59



58
Chapter 2: SO2 and PM2.5 from the 2018 lower East Rift zone eruption of Kı̄lauea

volcano, Hawai‘i

2.4.2 PM2.5 mass concentrations 2010 - 2018

2.4.2.1 Western region: Kona

In the period 2010 - 2017, PM2.5 recorded by HDOH Kona station never exceeded
the EPA 24-hour-mean threshold of 35 µg/m3 [Figure 2.3(A)]. The WHO 24-hour-
mean guideline of 25 µg/m3 was exceeded 1.2 % of the time at the Kona site (thirty-
three exceedance events). The maximum PM2.5 24-hour-mean mass concentrations was
33 µg/m3, recorded in April 2016 [Table 2.1].

During the 2018 LERZ eruption, PM2.5 exceeded the 24-hour-mean 35 µg/m3 EPA
threshold 8.4 % of the time at the Kona station (eight exceedance events). The lower
guideline of 25 µg/m3 established by the WHO was exceeded 34.7 % of the time at the
Kona site (thirty-three exceedance events). The maximum PM2.5 24-hour-mean mass
concentration at the site was recorded as 59 µg/m3 on the twenty-ninth of May 2018.

2.4.2.2 Southern region: Pahala and Ocean View

During the period 2010 - 2017, the southern region of the Island of Hawai‘i experienced
variable levels of PM2.5 [Figure 2.3(B)]. The maximum PM2.5 24-hour-mean mass con-
centration recorded in Ocean View was 42 µg/m3, recorded in March 2016. In Pahala
the maximum recorded PM2.5 24-hour-mean mass concentration was 97 µg/m3, recorded
on the eighteenth of June 2012, and coincident with two brush fires in the vicinity of Pa-
hala which burned approximately 5600 acres (Hawai‘i Emergency Management Agency,
2018). The EPA 35 µg/m3 PM2.5 threshold was exceeded 0.1 % of the time at both
Ocean View and Pahala (four exceedance events and two exceedance events, respec-
tively). The lower PM2.5 guideline of 25 µg/m3 established by the WHO was exceeded
0.9 % of the time at Ocean View (twenty-five exceedance events) and 0.1 % of the time
at Pahala (three exceedance events).

Mean PM2.5 mass concentrations in Pahala during the 2018 LERZ eruption were
higher than the 2010 - 2017 average (10 µg/m3 with respect to 6 µg/m3) [Table 2.1],
however there were no 24-hour periods which exceeded either the EPA or WHO 24-
hour-mean thresholds. During the 2018 LERZ eruption, PM2.5 recorded in Ocean View
exceeded the 35 µg/m3 EPA threshold 10.5 % of the time (ten exceedance events) and
exceeded the WHO 24-hour-mean guideline 46.3 % of the time (forty-four exceedance
events). In mid-June 2018, the Ocean View HDOH station recorded three consecutive
days where 24-hour-mean mass concentrations exceeded 35 µg/m3, unprecedented in
the period 2010 - 2017. The maximum 24-hour-mean mass concentration recorded in
Ocean View during the 2018 LERZ eruption was 56 µg/m3, somewhat higher than the
peak 24-hour-mean mass concentration recorded at Ocean View in 2016 (42 µg/m3).
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Figure 2.3: PM2.5 mass concentrations relative to health guidelines in select populated areas
of Island of Hawai‘i. (A,B,C): concentrations of PM2.5 (24-hour mean) in populated areas from
2010 to the end of 2018. Solid red line: EPA Federal Standard air quality threshold (24-hr mean
- 35 µg/m3); dashed orange line: World Health Organization (WHO) air quality guideline (24-
hr mean - 25 µg/m3); blue highlight: 2018 LERZ eruption duration.

2.4.2.3 Eastern region: Hilo and Mountain View

HDOH stations in the eastern region of the Island of Hawai‘i recorded variable levels
of PM2.5 during 2010 - 2017 [Figure 2.3(C)]. The maximum PM2.5 24-hour-mean mass
concentration in Mountain View was 35 µg/m3, which was recorded in December 2015,
and was the only exceedance of the 35 µg/m3 24-hour-mean EPA threshold during the
period 2010 - 2017 [Figure 2.3(C)]. The lower PM2.5 24-hour-mean guideline of 25 µg/m3

established by the WHO was exceeded 0.1 % of the time at Mountain View (three
exceedance events).

During the 2018 LERZ eruption, PM2.5 mass concentrations in Mountain View were
higher than the average mass concentrations for 2010 - 2017 (7 µg/m3 and 4 µg/m3,
respectively) [Table 2.1]. However, during the 2018 LERZ eruption, PM2.5 mass con-
centrations did not exceed either the EPA threshold of 35 µg/m3 or the WHO guideline
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of 25 µg/m3.

Figure 2.4: Exceedances of (A) 24-hour Hawai‘i Standard for SO2 during 2018 LERZ eruption
and (B) EPA threshold for PM2.5 during 2018 LERZ eruption. Note: data were unavailable for
PM2.5 at Volcano Observatory and SO2 at Mountain View.

2.5 Discussion

2.5.1 Dispersal of volcanic emissions

Time series of SO2 mass concentrations were analysed in five populated areas on the
Island of Hawai‘i; Hilo, Volcano Observatory, Pahala, Ocean View and Kona, for the
period 2007 - 2018 [Figure 2.2]. Time series of PM2.5 were analysed in Hilo, Mountain
View, Pahala, Ocean View and Kona for the duration 2010 - 2018 [Figure 2.3]. Signif-
icant escalations in emissions from Kı̄lauea volcano can be identified [Figure 2.2(A)],
which were registered by the air quality monitoring instruments around the Island of
Hawai‘i [Table 2.1, section 4.1 and 4.2].

High mass concentrations of SO2 and PM2.5 generally occurred in the southern and
western parts of the Island of Hawai‘i. Prevailing trade winds from the north-east
dispersed SO2 emissions from Kı̄lauea volcano towards communities in the south and
west of the island, as reported in previous studies (Longo et al., 2008; Longo et al.,
2005; Michaud et al., 2007; Tam et al., 2016). During the 2018 LERZ eruption, the
EPA 24-hour-mean threshold for PM2.5 (35 µg/m3) and the Hawai‘i threshold for SO2

(366 µg/m3) were exceeded in the south and west of the island [Figure 2.4]. HDOH
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stations in the south of the island, 35 - 100 km away from Fissure 8, recorded 24-hour
events where SO2 exceeded Hawai‘i thresholds (note that there were no HDOH or NPS
permanent monitoring stations for SO2 in proximal location to the 2018 LERZ eruption
site), but PM2.5 EPA exceedance events only occurred at HDOH stations 100 km or
further away from Fissure 8 [Figure 2.4]. This spatial variance between distribution of
PM2.5 and SO2 is well-documented and thought to reflect the timescale of oxidation of
sulfur dioxide gas into sulfate aerosol during dispersion (Cadle et al., 1971; Ilyinskaya
et al., 2017; Porter et al., 2002; Stockwell and Calvert, 1983).

Volcanic emissions at source commonly consist of a mixture of silicate ash particles,
various gases and non-silicate aerosol (Langmann, 2014; Oppenheimer and McGonigle,
2004; von Glasow et al., 2009). The lifetime of SO2 in the lower troposphere is generally
considered to be on the order of one - three days to a week (Allen et al., 2002; Pattantyus
et al., 2018; Pfeffer et al., 2006a; Rotstayn and Lohmann, 2002), the rate of conver-
sion depending on relative humidity and temperature, the availability of oxidants, and
interaction with cloud or fog (Oppenheimer et al., 1998; Saxena and Seigneur, 1987).
However, the SO2 oxidation pathways in a volcanic cloud are not necessarily the same
as under background conditions (Galeazzo et al., 2018). Through a variety of reaction
pathways (including oxidation with the hydroxyl radical, -OH, with hydrogen peroxide,
H2O2, and with ozone, O3), SO2 in volcanic clouds is gradually converted to sulfate
aerosol (Allen et al., 2002; Stockwell and Calvert, 1983), which is a dominant compo-
nent of volcanic PM2.5 (Pattantyus et al., 2018; Tam et al., 2016). The conversion rate
of SO2 to sulfate aerosol is important for estimating the potential hazard of volcanic
PM2.5 to human health and the downwind environments (Kroll et al., 2015).

HDOH stations measure the ambient air, which contains SO2 and PM2.5 derived
from anthropogenic sources as well as natural non-volcanic and volcanic sources. In
order to determine the influence of the volcanic eruption on the measured SO2 and
aerosol abundances, it is first necessary to calculate the volcanic component of the
HDOH measurements. During the 2018 LERZ eruption, Fissure 8 was the dominant
source of volcanic SO2 emissions on the island, and following the decline of the eruption,
the SO2 and PM2.5 mass concentrations decreased to below pre-LERZ eruption levels
at all HDOH stations analysed in this study [Figure 2.2, 2.3]. The mass of pollutants
recorded at HDOH stations during this post-LERZ eruption period (mid-August 2018
to the first of February 2019) are therefore used to define the background abundances
arising from all other non-volcanic sources. During this time there was some SO2 emit-
ted from Kı̄lauea’s summit but at the lowest rate measured in decades at 0.1 kt/year
(Nadeau et al., 2019). The volcanic component of the HDOH measurements was cal-
culated by subtracting the average PM2.5 and SO2 mass concentration following the
end of the 2018 LERZ eruption for each station from the mass concentrations measured
during the LERZ eruption, to estimate the volcanogenic component. The sulfate aerosol
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component within the volcanic PM2.5 mass concentration was then estimated to be in
the range 77 % - 92 %, following the methods of Mather et al., 2012 and Kroll et al.,
2015, of PM2.5 composition from Kı̄lauea.

Figure 2.5: Relationship between the age of the volcanic cloud and the volcanic sulfur com-
ponents measured at Pahala, Ocean View and Kona HDOH ambient air quality stations. Sgas

is the sulfur component of the volcanic SO2 mass concentration, Stotal is the sum of sulfur
components of the volcanic SO4

2- and SO2 mass concentrations. Age is derived from HYSPLIT
back-trajectory simulations (Ilyinskaya et al., in preparation). Y axis error bars indicate range
of SO4

2- component in volcanic PM2.5 composition from Kı̄lauea. X axis error bars indicate
one standard deviation of HYSPLIT back-trajectory results specific to Kona, Ocean View and
Pahala. Correlation trendline based on the data points, with a first-order decay constant of
3.8 x 10-6 s-1 with a 95 % confidence interval of ± 1.26 x 10-6 s-1.

Estimating the conversion rate of SO2 to sulfate from SO2 and SO4
2- datasets is

not straightforward because several processes can occur simultaneously, including SO2

oxidation to sulfate, dispersion-dilution and deposition of SO2 and/or SO4
2- to the

surface.

Here, a first-order decay constant for SO2 is estimated by the relationship between
volcanic components of SO2 and SO4

2-, as follows;

ln

(
Sgas

Stotal

)
= −kt (2.1)

where Sgas is the sulfur component of the volcanic SO2 mass concentration (µg/m3),
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Stotal is the sum of sulfur components of the volcanic SO4
2- and SO2 mass concentrations

(µg/m3), t is the age of the volcanic cloud (seconds) and −k is a first-order decay
constant.

The age of the volcanic cloud is here considered to be the time between emission of
the cloud at the LERZ eruption source point and subsequent measurement at the HDOH
station. From back-trajectory HYSPLIT simulations run between the HDOH ambient
air quality stations and Fissure 8, the average age of the emissions and dispersal distance
was calculated for dates between the eighteenth of July to the second of August 2018
(Ilyinskaya et al., in preparation). An estimate of the average first-order decay constant
from our data-set is indicated in Figure 2.5. Although there is considerable scatter in the
data, a broad trend of decreasing S fraction in the gas phase is apparent and a linear fit
allows us to estimate a first-order rate constant of 3.8 x 10-6 s-1 with a 95 % confidence
interval of ± 1.26 x 10-6 s-1. This first-order decay constant for SO2 relative to total
sulfur can represent an estimate of the average rate of SO2 oxidation to sulfate only if
negligible sulfur deposition has occurred. Nevertheless, our value is similar to the SO2

oxidation rate calculated by Kroll et al., 2015 from direct measurements of sulfur in gas
and particle phase in Kı̄lauea’s emission cloud from the summit to Pahala. Kroll et al.,
2015 identified a diurnal cycle in measured sulfate as a fraction of total sulfur, from
which they calculated a noontime instantaneous SO2 oxidation rate of 2.4 x 10-6 s-1.

2.5.2 Reliability assessment of community-operated PM2.5 instruments

A subset of the community-operated PurpleAir instruments on the Island of Hawai‘i
were selected for intercomparison with the established institutional data-sets across
the western region of the island. The low-cost and portable nature of the PurpleAir
instruments facilitated installation of a monitoring network across the western region
[Figure 2.6(A)], with a high spatial resolution of measurements in comparison to the
locations of HDOH ambient air quality sites [Figure 2.6(A)]. This can be advantageous to
capture the effects of local topographic and meteorological factors, which may influence
dispersion of and deposition from volcanic plumes. Mass concentrations from PurpleAir
instruments and HDOH PM2.5 instruments during the course of the 2018 LERZ eruption
are presented in Figure 2.6 (B - E).

Small differences were found between individual PurpleAir instruments in the same
location. Two PurpleAir instruments [Figure 2.6(A), PurpleAir references 10 and 11]
were co-located at the Kona HDOH station, and the PurpleAir instruments ran together
for 16 days. During this time, the maximum absolute differences in 24-hour average
measurements between the PurpleAir instruments was 2.3 µg/m3; which was 6 % of the
total measured concentration. Correlation between the two PurpleAir instruments was
very strong (Pearson’s r = 0.99). Similar results were found by Malings et al., 2019 with
co-location of nine PurpleAir instruments at a site in Pennsylvania for a period of 66
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Figure 2.6: Hawaii Department of Health ambient air quality stations and community-
operated PurpleAir instruments along the western region of the Island of Hawai‘i selected
for analysis in this study. [A]: distribution of publicly-owned PurpleAir instruments, indicated
by blue stars with reference numbers, distribution of Kona and Ocean View HDOH stations
indicated by green circles. PurpleAir instruments within 10 km radius of Kona HDOH station
indicated by dashed yellow circle. [B,C,D]: 24-hour average mass concentration measurements
from 20 PurpleAir instruments during the 2018 LERZ eruption; [E]: 24-hour average PM2.5
from BAM instruments at Kona and Ocean View HDOH ambient air quality stations during
the 2018 LERZ eruption. [F] Size and morphology of the PurpleAir instruments, seen from the
front (left image) and side (right image). Photos by kind permission of PurpleAir LLC.

days (Pearson’s r > 0.9). The high correlation between co-located individual PurpleAir
instruments indicates high standardisation. With this being the case, relative PM2.5

mass concentrations measured by PurpleAir instruments over a wider geographical area
should be comparably reliable.

Three PurpleAir instruments were co-located with HDOH PM2.5 instruments (BAM)
to determine the accuracy of PurpleAir instrument PM2.5 measurements in relation to
reference-grade instruments [Figure 2.6(A), PurpleAir references 10, 11 and 20]. The
co-located PurpleAir measurements correlated well with the BAM measurements, with
Pearson’s r values of 0.99, 0.97 and 0.91 [Figure 2.7(A, B)]. However, PurpleAir in-
struments did record higher mass concentrations of PM2.5 in comparison to the BAM
analysers [Figure 2.7(A, B)]. PurpleAir reference 10 (co-located with Kona HDOH sta-
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tion) [Figure 2.6(A)] recorded the greatest measurement off-set, with up to 40 % higher
mass concentrations of PM2.5 relative to the Kona BAM analyser measurements [Figure
2.7(A)]. This trend was also found when the community-operated PurpleAir instruments
across the western region of the island were compared to the BAM at Kona HDOH sta-
tion [Figure 2.7(C)], with strong correlation between PurpleAir instruments and BAM
(Pearson’s r = 0.92) but an average 30 % higher mass concentrations measured by Pur-
pleAir instruments within 10 km of the Kona BAM instrument. Previous testing of
PurpleAir instruments in Pennsylvania and California has yielded similar findings (AQ-
SPEC, 2017; Malings et al., 2019), with over-estimation of PM2.5 mass concentrations
measured by PurpleAir instruments relative to BAM reference-grade analysers.
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Figure 2.7: PurpleAir and HDOH PM2.5 comparison. (A) two PurpleAir instruments co-
located with Kona HDOH station; (B) one PurpleAir instrument co-located with Ocean View
HDOH station. (C) comparison of all PurpleAir instruments along the western region of the
Island of Hawai‘i compared with Kona HDOH measurements. PurpleAir instruments within
10 km of Kona HDOH indicated by dark grey stars, PurpleAir instruments at greater distances
are indicated by light grey circles. Linear regression and 95 % confidence interval fit to instru-
ments < 10 km from Kona HDOH ambient air quality station. Measurement periods vary with
earliest PurpleAir data from August 2017 and most recent from January 2019. (A,B) PurpleAir
error bars show measurement variations between the two sensors within a single PurpleAir in-
strument, and therefore indicate the minimum error.

As discussed above, the PM measurements from the community-operated PurpleAir
instruments within 10 km of the Kona HDOH station correlated well to the Kona BAM
analyser during the 2018 LERZ eruption, but overestimated the concentration of PM2.5

by up to 30 % [Figure 2.7]. The PurpleAir measurements could be corrected to reduce
the overestimation off-set, allowing a better accuracy determination of the low-cost in-
strument with respect to the reference-grade analyser. However, in this instance we
chose not to correct the PM measurements from the PurpleAir instruments as the pur-
pose of this analysis was to determine whether the measurements from the PurpleAir
sensors were providing an accurate source of information to the public during the LERZ
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eruption. During the 2018 LERZ eruption, the measurements from the PurpleAir in-
struments were automatically uploaded in near-real-time to the dedicated web browser
and were used by members of the public as a source of additional information regarding
the day-to-day volcanic PM air quality in their region. Our analysis here allows an
assessment of whether the PurpleAir measurements which were available to the public
were representative and accurate indicators of the concentration and spread of partic-
ulates. Future studies could investigate whether use of humidity correction factors,
such as discussed in Crilley et al., 2018; Crilley et al., 2020 and used in Whitty et al.,
2022, could be implemented on the 2018 LERZ eruption PurpleAir data to limit the
overestimation.

Some discrepancy between PurpleAir and BAM measurements may be expected,
as it is well-known that low-cost instruments measuring PM2.5 with light scattering
methods have not historically agreed with measurements obtained from reference grade
instruments with different operating principles (Burkart et al., 2010; Chow et al., 2008;
Watson et al., 1998; Wilson et al., 2002). In comparison with sensors of other operating
principles, light-scattering optical particle sensors have been shown to suffer effects of
relative humidity (Crilley et al., 2018; Wang et al., 2015), since the operating prin-
ciple relies on indirect measurement of particle size based on scattered light, and an
assumed particle shape and refractive index. Conversely, BAM instruments measure
direct changes in aerosol mass concentrations based on the loss of electrons on a filter
which the aerosol has been deposited on (Manikonda et al., 2016; Watson et al., 1998),
and so are not influenced by the hygroscopic growth of individual particles. Zheng
et al., 2018 analysed the performance of Plantower PMS3003 (an earlier version of the
Plantower PMS5003 housed in PurpleAir instruments used in this study) against a ref-
erence grade scattered light spectrometer (with good correlation of R2 = 0.8) and a
BAM instrument (with lower correlation of R2 = 0.5). They concluded that a likely
explanation contributing to the discrepancy is the potential for hygroscopic growth of
aerosol particles due to ambient humidity, which alters the light-scattering properties of
the aerosol and therefore the measurement made by the optical sensor (Cabada et al.,
2004; Jayaratne et al., 2018; Spinetti and Buongiorno, 2007; Watson et al., 1998). In
this instance, Zheng et al., 2018 found that the low-cost light-scattering sensor corre-
lated best with the reference-grade instrument of the same operating principle, finding
a lower correlation against the reference-grade instrument operating on principles other
than light-scattering. The PurpleAir instrument over-estimation of PM2.5 relative to
the BAM reference-grade instrument may therefore be due to influences of humidity
acting on the light scattering (Zheng et al., 2018).

An additional consideration in explaining the overestimation of PM2.5 by the Pur-
pleAir instruments relative to the reference-grade BAM is the particle density of the
measured particulates. The Plantower PMS5003 sensors contained within the Pur-
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pleAir instruments provide mass concentration measurements which are calculated by
an unreported atmospheric calibration factor (Zheng et al., 2018). We assume that this
calibration factor uses an average particle density, likely similar to that for an urban
environment, such as 1.65 g cm-3 (Crilley et al., 2018; Liu et al., 2015; Pitz et al.,
2003). If the Plantower PMS5003 sensor measures ambient air with a particle density
dissimilar to the average particle density used in the atmospheric calibration factor, the
resulting sensor output would be biased. For example, introduction of volcanic aerosol,
primarily sulfate with an average particle density of 1.77 g cm-3 (Sarangi et al., 2016),
into the air measured by the sensor could result in sensor output bias as a result of
dissimilarity between the real and assumed particle density.

Despite the PM2.5 over-estimation, the strong correlation between the PurpleAir and
BAM instruments indicates that the PurpleAir instruments provided qualitatively valu-
able measurements of the atmospheric conditions. The high degree of intra-instrument
performance, similar to findings by Malings et al., 2019, indicates that the PurpleAir
instruments are reliable for determining relative variations in PM2.5. The dense net-
work of instruments with a high spatial resolution along the western region of Hawai‘i
during the 2018 LERZ eruption gives a good indication of the relative amounts of PM2.5

across the region, at a finer spatial resolution than available from the sparsely-located
BAM instruments [Figure 2.6(A)]. Low-cost community-operated networks, such as the
PurpleAir instruments across the western region of Hawai‘i during the 2018 LERZ erup-
tion, can therefore be invaluable in providing insights into smaller-scale heterogeneities
in air quality across a regional area at a scale inaccessible by the usually more disperse
reference-grade instruments [Figure 2.6(B - E)]. Additionally, as far as the authors are
aware, this is the first validation of PurpleAir instruments in a volcanic environment.
Their strong correlation to the BAM instruments along the west coast of the Island of
Hawai‘i during the 2018 LERZ eruption indicates that they are suitable for augmenting
reference-grade instrument networks in periods of volcanic unrest. Considering that
these instruments also provide a source of open-access data to the public, they present
an opportunity to improve community awareness and inclusion of the general public in
hazard assessment of downwind volcanic PM2.5 air pollution.

2.6 Conclusions

Kı̄lauea’s 2018 eruption was the largest LERZ eruption in the last two centuries. SO2

emissions reached a monthly average of 200 kt/day during June (Kern et al. 2019), signif-
icantly exceeding emissions from Kı̄lauea during 2008 - 2017, which averaged 5 - 6 kt/day
(Beirle et al., 2014; Carn et al., 2016; Eguchi et al., 2011; Elias et al., 2018). During
the 2018 LERZ eruption, SO2 mass concentrations exceeding the Hawai‘i 24-hour-mean
threshold (366 µg/m3) primarily occurred in the south of the island, at Volcano Ob-
servatory and in Pahala and Ocean View (2.1 %, 5.3 % and 4.2 % of the time during
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the three-month long eruption, respectively). SO2 mass concentrations were elevated at
the HDOH Kona station (average 24-hour-mean mass concentration of 39 µg/m3 during
the LERZ eruption, relative to 7 µg/m3 during 2007 - 2017), but mass concentrations
were highest in Ocean View, Pahala and at Volcano Observatory (average 24-hour-mean
mass concentrations of 117 µg/m3, 129 µg/m3 and 56 µg/m3, respectively). The Hawai‘i
24-hour-mean threshold was exceeded five times in Pahala and twice at Volcano Obser-
vatory, but peak mass concentrations did not exceed those from the period 2007 - 2017.
In Ocean View, the Hawai‘i 24-hour-mean threshold was exceeded four times and 24-
hour-mean mass concentrations peaked at 728 µg/m3, almost double the previous peak
measurement of 403 µg/m3 recorded at that station in January 2016.

PM2.5 mass concentrations recorded at HDOH stations around the island from 2010 -
2017 rarely exceeded the EPA 24-hour-mean threshold of 35 µg/m3 (0.1 % of the time
at both Ocean View and Pahala). The lower 24-hour-mean PM2.5 limit (25 µg/m3) set
by the World Health Organization was exceeded with greater frequency, particularly in
Kona and Ocean View (1.2 % and 0.9 % of the time, respectively). During the 2018
LERZ eruption, PM2.5 air pollution was significantly higher than 2010 - 2017 levels
in Kona and Ocean View, exceeding WHO guidelines 34.7 % and 46.3 % of the time,
respectively. Peak 24-hour-mean mass concentrations in Ocean View were recorded at
56 µg/m3, and three consecutive days in June were recorded with mean 24-hour mass
concentrations exceeding 35 µg/m3. The Kona HDOH stations recorded eight 24-hour
periods which exceeded EPA thresholds, unprecedented in the 2010 - 2017 period.

Following the decline of the 2018 LERZ eruption, mass concentrations of both SO2

and PM2.5 measured at the HDOH stations decreased to below pre-LERZ eruption
levels, indicating that a large proportion of the air quality anomalies measured during
the eruption were volcanogenic. The post-LERZ HDOH measurements are here assumed
to be representative of the background (non-volcanically-perturbed) atmosphere, and
subtracting these abundances from those recorded during the LERZ eruption provides
an estimate of the purely volcanogenic PM2.5 and SO2. The sulfate aerosol component
within the volcanic PM2.5 is calculated as between 77 - 92 %, following Mather et
al., 2012. HYSPLIT back-trajectory simulations provide an estimate of emission age
following dispersion from source to measurement point (Ilyinskaya et al., in preparation),
and a first-order SO2 decay constant is estimated at 3.8 x 10-6 s-1.

Community-operated PurpleAir instruments provided a high spatial resolution net-
work across the western region of the island, informing the public regarding PM2.5

mass concentrations in their locality. Low measurement variability (Pearson’s r = 0.99)
was found between co-located individual PurpleAir instruments, indicating a high level
of intra-instrument performance. Observations recorded by co-located PurpleAir and
BAM instruments correlated well (Pearson’s r = 0.99, 0.97 and 0.94), but PurpleAir
instruments were found to overestimate the PM2.5 mass concentration by up to 40 %,
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relative to the BAM instrument. This likely reflects inherent differences in instrument
operating principles and may be associated with changes in optical-properties of aerosol
arising from hygroscopic growth in ambient humidity. Nevertheless, the PurpleAir in-
struments are suitable for providing a low-cost network to augment reference-grade
instruments, and contribute an open-access source of readily-available information to
the public leading to development of community awareness towards air quality.

This study has assessed the impacts to air quality in downwind communities around
the Island of Hawai‘i from 2007 to 2018. Spatial variability of air quality around the
island during the 2018 LERZ eruption was comparable to patterns identified over the
previous decade, but PM2.5 and SO2 pollution levels resulting from the 2018 LERZ
eruption were significantly higher in western and southern regions of the island. A
study of the potential health burden of these significant impacts on air quality might
further illuminate aspects of the dose-response to volcanogenic emissions in addition to
the impacts of public health protection measures put in place during the eruption.
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Chapter 3

Effectiveness of low-cost air quality
monitors for identifying volcanic
SO2 and PM downwind from
Masaya volcano, Nicaragua

Abstract

Gas and particulate matter (PM) emissions from Masaya volcano, Nicaragua, cause
substantial regional volcanic air pollution (VAP). We evaluate the suitability of low-cost
SO2 and PM sensors for a continuous air-quality network. The network was deployed for
six months in five populated areas (4 - 16 km from the crater). The SO2 sensors failed
and recorded erroneous values on multiple occasions, likely due to corrosion, requiring
significant maintenance commitment. The PM sensors were found to be robust but
data required correction for humidity. SO2 measurements could not be used as stand-
alone tools to detect occurrence of VAP episodes (VAPE), but a SO2/PM correlation
reliably achieved this at near-field stations, as confirmed by meteorological forecasts
and satellite imagery. Above-background PM concentrations reliably identified VAPE
at both near-field and far-field stations. We suggest that a continuous network can be
built from a combination of low-cost PM and SO2 sensors with a greater number of
PM-only sensors.

3.1 Introduction

Masaya is an active basalt volcanic complex in Nicaragua, Central America. It has a
near continuous history of pit crater formation, sporadic lava lake activity and degassing
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as far back as, at least, the 1500s (Rymer et al., 1998). Santiago pit crater, initially
formed around 1858-1859 (McBirney, 1956), is the location of current volcanic activity
and has undergone five periods of lava lake development and multiple phases of gas
crisis with intense degassing activity (McBirney, 1956; Stoiber et al., 1986). The latest
and current outgassing crisis started in 1993 and has resulted in large fluxes of volcanic
gas into the atmosphere (Burton et al., 2000; Mather et al., 2006b; Rymer et al., 1998;
Williams-Jones et al., 2003) with sulphur dioxide (SO2) flux ranging from 120 to 2680
metric tons/day [Figure 3.1].

Figure 3.1: SO2 emissions from Santiago crater, Masaya volcano, from 1979 to 2020. Black
dashed line indicates initiation of gas crisis in May 1993. Grey shaded area indicates the
AQMesh downwind measurement period (this study) from February to August 2017. SO2
emissions data sourced from Aiuppa et al., 2018; Burton et al., 2000; Delmelle et al., 2002;
Galle et al., 2003; Global Volcanism Program, 2021; Mather et al., 2006a; Nadeau and Williams-
Jones, 2009; Stoiber et al., 1986; Williams-Jones et al., 2003.

Masaya volcano has a subdued topography, situated at 635 metres above sea level,
and this often results in the volcanic plume remaining in the atmospheric boundary
layer (Delmelle et al., 2002). The injection of the plume into the low atmosphere means
that the plume can "ground", causing exposure of the land-surface to high concentra-
tions of toxic gas and aerosols. Prevailing easterly winds mean the plume is commonly
moved towards the Las Sierras highlands, an area higher (925 metres asl) than the
crater summit, causing damage to vegetation (including cultivated crops), machinery
and buildings over a large area downwind of the crater (Baxter et al., 1982; Delmelle
et al., 1999; van Manen, 2014; Williams-Jones and Rymer, 2015). Volcanic plumes
that remain in the lower atmosphere, such as that emitted from Masaya volcano, are
commonly composed of a complex and chemically-evolving mixture of both volcanic
and atmospheric gases as well as primary and secondary aerosol particles, dust and ash
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(Langmann, 2014; Mason et al., 2021; Oppenheimer and McGonigle, 2004; Pfeffer et al.,
2006b; von Glasow et al., 2009). Volcanic emissions released into the lower atmosphere
can have a large impact on air quality, the environment, and human and animal health
across local to regional areas (Carlsen et al., 2021a; Carlsen et al., 2021b; Ilyinskaya
et al., 2021; Ilyinskaya et al., 2017; Mather, 2015; Schmidt et al., 2015; Tam et al., 2016;
Whitty et al., 2020).

Figure 3.2: Topographic map of Masaya volcano and the AQMesh sampling stations with
heights in metres above sea level (asl) for sampling stations and Masaya’s Santiago Crater.
Upper left inset indicates the wind rose referring to 948 metres asl for the period February to
August 2017, data derived from ECMWF forecast meteorological data. The red shaded area
indicates prevailing plume dispersion, graphically presented from the most frequent (76%) wind
direction derived from ECMWF data at 948 metres asl. Lower left inset indicates geographical
position of Masaya volcano. Base topographic map from Krogh, 2021.

SO2 is often the focal point of gas emission monitoring at volcanoes due to its high
concentration in volcanic plumes relative to the background ambient atmosphere, as well
as its well-recognised environmental and air quality impacts (Cadle et al., 1971; Lambert
et al., 1988; Loughlin et al., 2012; Schmidt et al., 2015). Methods to monitor volcanic
SO2 emissions include remote sensing approaches (that enable determination of gas flux)
and in situ methods such as Multi-Gas instruments that contain electrochemical sensors
for SO2 detection. Studies using Multi-Gas have mostly focused on the near-source
near-summit plume, detecting SO2 at up to tens or even hundreds of parts per million
volume (ppmv) (Aiuppa et al., 2018; Roberts et al., 2012; Shinohara et al., 2008).
While the principle of SO2 measurements is the same (electrochemical sensors), the
concentration range in downwind areas is several orders of magnitude lower than near-
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source and therefore presents different challenges for detection accuracy. Measurement
of volcanic SO2 at sub-ppmv levels has also been demonstrated using electrochemical
sensors (Hagan et al., 2018; Roberts et al., 2018). In a recent study, networks of low-
cost SO2 and particle sensors have been used to monitor volcanic pollution from Kı̄lauea
volcano (Crawford et al., 2021).

Exposure to SO2 can result in irritation and inflammation of the eyes and the upper
respiratory tract (Longo et al., 2008; Miller, 2004; Pohl, 1998). Population sub-groups
including asthmatics, children, and respiratory- or cardiac-compromised individuals are
particularly vulnerable to exposure to SO2 (ATSDR, 1998; CRI, 2004).

Once in the atmosphere, SO2 is affected by chemical and physical processes, includ-
ing gas-phase reactions and reactions with liquid and solid suspended particles, leading
to conversion of SO2 to sulphate aerosols (Allen et al., 2002; Delmelle et al., 2002;
Stockwell and Calvert, 1983). The lifetime of SO2 in the troposphere is usually consid-
ered to be in the range of days to a week (Allen et al., 2002; Pattantyus et al., 2018;
Pfeffer et al., 2006a; Rotstayn and Lohmann, 2002), with the rate of SO2 conversion
depending on the relative humidity, temperature, interactions with clouds and the avail-
ability of oxidants (Oppenheimer et al., 1998; Saxena and Seigneur, 1987). Through a
number of reaction pathways (including oxidation with the hydroxyl radical, -OH, and
with hydrogen peroxide, H2O2, and ozone, O3), SO2 is gradually converted to sulphate
aerosol, H2SO4, (Allen et al., 2002; Stockwell and Calvert, 1983), which is a dominant
component of volcanic particulate matter (PM) (Pattantyus et al., 2018; Tam et al.,
2016).

Volcanic PM can be monitored in situ in real-time by deploying devices designed to
measure atmospheric PM such as optical particle counters and other PM instruments
(Allen et al., 2006; Ilyinskaya et al., 2010; Mather et al., 2003; Roberts et al., 2018;
Whitty et al., 2020). PM is commonly sub-divided into size categories of PM1, PM2.5

and PM10 (PM with particle diameters <1 µm, <2.5 µm and <10 µm, respectively).
This categorisation into cumulative size modes is important because particles of different
sizes can have varying health impacts, with smaller particles having a larger relative
surface area for the absorption of toxic chemicals as well as a greater efficiency at
physical translocation from the respiratory tract to other areas of the body (Schlesinger
et al., 2006). For example, exposure to fine particulates in the PM2.5 size category
has been found to cause 3% of global mortality from cardiopulmonary disease and 5%
mortality from cancer of the bronchus, lung and trachea (Cohen et al., 2005). Recent
studies have also investigated a link between exposure to PM and decline in short-
term cognitive abilities (Gao et al., 2021; Shehab and Pope, 2019). The chemical
composition of volcanic PM is heterogeneous, with common chemical species including
sulphates (primary emissions or formed via oxidation of sulphur gases) (Allen et al.,
2002; Cadle et al., 1971; Langmann, 2014; Mather et al., 2003; Stockwell and Calvert,
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1983) and halides, with an array of metals and metalloids including environmentally-
harmful species such as lead and cadmium (Ilyinskaya et al., 2021; Ilyinskaya et al.,
2017; Langmann, 2014; Longo, 2013; Mason et al., 2021). Volcanic PM may also include
particles mixed in from the background atmosphere derived from sources such as sea
spray, industrial and transport sources, ambient matter, and fine wind-blown mineral
dust (Butwin et al., 2019; Holgate, 2017; Lim et al., 2012; Tam et al., 2016). Exposure
to H2SO4, a dominant component of volcanic PM (Ilyinskaya et al., 2017; Mason et al.,
2021; Mather et al., 2006a), can result in irritation of the eyes and respiratory tract
(Carlsen et al., 2021a; Schlesinger, 1985; Williams-Jones and Rymer, 2015).

The persistent SO2 and PM-rich volcanic plume emitted from Masaya volcano has
led to long-term contamination and fumigation of an area >1200 km2 downwind of the
volcano following the prevailing wind direction (Delmelle et al., 2002; Williams-Jones
and Rymer, 2015). A study by Delmelle et al., 2002 using time-averaged samplers
found background concentrations of SO2 <2 ppbv (parts per billion by volume) to the
east of Masaya volcano in upwind locations in 1998 and 1999. The highest SO2 levels
were measured in the fumigated area to the west in the area within 4 km of Masaya
volcano, with concentrations of up to 230 ppbv coinciding with descriptions of the local
vegetation as "devastated" (Delmelle et al., 2002). Average SO2 concentrations in the
Las Sierras highlands were ≈ 100 ppbv in 1999 (Delmelle et al., 2002). In 2010, the
U.S. Environmental Protection Agency (EPA) set the National Ambient Air Quality
Standard (NAAQS) for SO2 mass concentration exposure limits at 75 ppbv as a 1-
hour average (EPA, 2010). As well as impacting the local vegetation, Masaya’s volcanic
plume interacts strongly with metal structures, particularly the roofs of buildings, which
consistently have to be replaced or painted every six months due to rapid corrosion
(Baxter et al., 1982; Delmelle et al., 2002; van Manen, 2014).

Volcanic activity at Masaya volcano is monitored by Instituto Nicaragüense de Es-
tudios Territoriales (INETER). During periods of extreme degassing the likely-affected
population are informed about the specific hazard and, on the basis of recommenda-
tions from INETER, protective measures are recommended according to the established
protocols of the National System for Disaster Prevention, Mitigation and Attention
(SINAPRED). The national park which covers all the Masaya Caldera, or more fre-
quently the viewing platforms near the active Santiago crater, are occasionally closed
to the public and tourists during periods of strong degassing (Duffell et al., 2003). There
is no routine monitoring of air quality downwind from the volcano.

The 2016 - 2019 "Unseen but not unfelt: resilience to persistent volcanic emissions"
(UNRESP) Global Challenges Research Fund project investigated resilience to living
with persistent volcanic emissions and the environmental pollution hazard they pose,
with Masaya as the case study. Here we examine data collected by the UNRESP project
using a relatively low-cost gas and particle sensor network of five stations installed in
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communities near Masaya. This is the first time, to the authors’ knowledge, that the
performance of low-cost sensors over long-term deployment (six months over February
to August 2017) in a volcanic environment is assessed, where the sensors are placed in
downwind locations (4 - 16 km) to determine concentrations of volcanic SO2 and par-
ticulates in distal locations. The robustness and reliability of the network is discussed,
in particular, the ability of the network to recognise volcanic air pollution episodes
(VAPE), defined here as a period when the ground surface is exposed to volcanic SO2

and particulates above what would be expected under non-volcanic background con-
ditions. We give recommendations for improved set-up and consider other monitoring
network instrument options.

3.2 Methodology

3.2.1 AQMesh pods and network set up

AQMesh pods are air quality monitoring systems which cost around £7,000 (≈ US$9,600)
per pod (quote from ACOEM Air Monitors, 2021), relatively low-cost in relation to
standard reference-grade instrumentation. Their configuration can be specified by the
purchaser allowing a range of possible monitoring options including a variety of gas
species, PM, humidity and ambient noise and wind conditions. Gases are measured by
electrochemical sensors (B4 series manufactured by Alphasense Ltd). The electrochemi-
cal gas sensors and the humidity sensor are mounted into a base plate which allows them
to come into contact with the ambient air. Here the gas-measurement focus is on SO2.
PM is measured by an OPC-N2 optical particle counter (manufactured by Alphasense
Ltd) which uses a laser beam to detect particles from 0.38 to 17 µm in diameter (Crilley
et al., 2018). Particles are assigned into size fractions of PM1, PM2.5 and PM10 using
an embedded algorithm developed by AQMesh, and the raw size-resolved data are not
available to the user except upon request (AQMesh, 2021a). The AQMesh pods are
fitted with a small pump to pass the ambient air through the OPC-N2 which is fitted
internally at the top of the instrument. The system is housed in an ABS IP65 box
with a mounting bracket for installation. The dimensions are 170 mm by 220 mm by
250 mm with an additional 180 mm height if an antenna is fitted (AQMesh, 2021b).
The pods weigh between 2 and 2.7 kg depending on sensor and battery configuration.
Power is supplied either by mains power at 9 - 24V or by an internal lithium metal bat-
tery pack at 3.6V with 273.6Wh (AQMesh, 2021b). The battery recharging frequency
is dependent on the user settings, including the data upload frequency. Here, the pods
were used with an internal battery due to unavailability of mains power, and in this
study the battery recharge frequency was four weeks. The electrochemical gas sensors
and optical particle counter are calibrated during the manufacturing process and have
an expected lifespan of two years before replacement is necessary (AQMesh, 2021b).
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AQMesh pods are manufactured primarily for the monitoring of urban and commercial
environments. The measurements are uploaded automatically via mobile network to the
AQMesh server which allows data to be downloaded and also to be viewed in tabular
and graphical formats. There is an annual fee of £480 (≈ US$650) for use of the online
web server (quote from ACOEM Air Monitors, 2021). The specifications of the sensors
used in the AQMesh pods installed in Nicaragua by the UNRESP project are outlined
in Table 3.1.

Five AQMesh pods were installed in settlements to the west of Masaya volcano,
downwind of the volcano during prevalent wind conditions. AQMesh pods were installed
1 - 5 metres above the ground. The sites were deemed to have low likelihood of localised
pollution sources, with the exception of Rigoberto, which was located on a roof of a
home and relatively close to the outlet of domestic cooking fire smoke. The sites of
AQMesh installation were restricted by the limited infrastructure in the region, under
more ideal conditions none of the instruments would have been placed in areas with likely
contamination from non-volcanic sources. The locations of the AQMesh measurement
stations and the prevailing plume trajectory are indicated in Figure 3.2. Based on local
knowledge and previous studies (Delmelle et al., 2002; Mather et al., 2003), four of
the stations (El Panama, Rigoberto, El Crucero and Pacaya) are frequently impacted
by VAP. San Juan is significantly less likely to be impacted and was therefore used
as a background station. El Panama, Rigoberto and San Juan stations were installed
at domestic household sites in low-income rural communities; El Crucero and Pacaya
stations were installed in public buildings in more built-up areas. El Panama and
Rigoberto are considered near-field stations (≈ 4 km from the crater), and El Crucero
and Pacaya are considered far-field stations (≈ 16 km from the crater) [Figure 3.2].

The AQMesh pods were maintained by the UNRESP project and INETER. Tech-
nical specifications of the AQMesh pods state that the electrochemical sensors require
replacing after 2 years (AQMesh, 2021b), however the electrochemical sensors needed
replacing several times during the six month experiment period [Table 3.2]. For ex-
ample, at El Crucero station, issues with the SO2 sensor and corrosion of the battery
connectors required replacement parts to be installed on four occasions within the six
months of AQMesh pod deployment, resulting in corrupted data over 36% of the mea-
surement time [Table 3.2, Figure 3.8]. In some instances the internal batteries could
not be recharged promptly after four weeks, resulting in periods of missing data due
to lack of power. Exposure of the AQMesh pods to a volcanic environment, even in
reasonably dilute downwind conditions, likely led to mechanical issues with the pod
operating systems (Li et al., 2018). A high level of fast-acting corrosion impacted the
pods at all of the measurement stations, but especially those in closer proximity to the
volcanic source point. Corrosion occurred both externally (e.g. to the mounting brack-
ets, Figure 3.3A, B) and internally (e.g. to the metal parts of the sensors, computer
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boards and battery charging connectors, Figure 3.3C, D), resulting in long periods of
missing or erroneous data until replacement parts could be installed.

3.2.2 Sensor Precision and Accuracy

To test the precision of the AQMesh sensors, all pods were placed in proximity together
in an urban location [Figure 3.2] with minimal anthropogenic pollution sources (e.g.
away from busy roads), away from volcanic input for an eleven day test period in July
2017. During the co-location test period we simultaneously exposed the PM sensors to
episodes of highly elevated particle concentrations from a diesel car exhaust. The pods
were placed at the same height and orientation to reduce environmental bias.

To test the accuracy of the SO2 measurements, two AQMesh pods were co-located
with a pulsed fluorescence spectroscopy analyser (Thermo Scientific 43i) for two days in
December 2017. The 43i SO2 analyser is designated by the Environmental Protection
Agency (EPA) for measurements in the range of 0 - 1000 ppbv, with a precision of 1 ppbv
and a lower detectable SO2 limit of 0.5 ppbv [Thermo Fisher Scientific 2010; EPA, 2016].
The FEM (Forum for Environmental Measurements) designation of instruments, such
as this SO2 analyser, aims to promote consistency in measurements between different
environmental monitoring networks by ensuring that instruments are of reference-grade
quality [EPA, 2016]. The SO2 analyser was installed in an air-conditioned building at
El Crucero [Figure 3.2] with an inlet tube feeding air in from outside. AQMesh pods
712150 and 735150 were installed within a few meters of the SO2 analyser inlet. The
SO2 analyser was calibrated on return to the UK and found to have a baseline drift of
2 ppbv and an underestimation of 18% (Read, 2018). The SO2 analyser was verified
using a National Physical Laboratory certified Cylinder (Cylinder number: 176433,
BOC Ltd) with the blender set-up within the AMOF COZI Laboratory, National Centre
for Atmospheric Science (NCAS, https://amof.ac.uk/laboratory/carbon-monoxide-and-
ozone-calibration-laboratory-cozi/).
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Figure 3.3: Issues with AQMesh pod corrosion and maintenance. (A) corrosion of metal
installation mounting bracket is more advanced in measurement stations more frequently im-
pacted by the volcanic plume; (B) corrosion as a result of the volcanic plume is fast-acting.
AQMesh pod 1733150 installed at El Panama with new metal fittings, padlock and chain (B1)
shows obvious signs of corrosion after 14 days (B2); (C) mounting board for the electrochemical
sensors with signs of corrosion on the electrode pins for one of the sensors; (D) an AQMesh
internal computer board which controls the sensors showing signs of corrosion with one of the
board battery units disconnected.

3.2.3 Electrochemical Sensor Cross-Sensitivities

Electrochemical sensors operate by diffusion of the target gas through a porous mem-
brane, following which changes in the chemical potential are measured by a sensing
electrode (Austin et al., 2006; Mead et al., 2013). However, other substances may in-
terfere with the chemical potential of the electrochemical sensor, causing a positive or
negative interference to the sensor output, resulting in a biased measurement (Austin
et al., 2006; Lewis et al., 2016). These interfering substances can include a number of
compounds, only some of which are reported by the manufacturer. Studies such as Mead
et al., 2013 have shown that electrochemical sensors are suitable for monitoring gas lev-
els in low ppbv concentrations, but it must also be recognised that cross-sensitivities of
the sensors may have a substantial impact on the sensor output.

The cross-sensitivities of the SO2-B4 sensor used in this study can be found in the in-
strument data sheet (https://www.alphasense.com/WEB1213/wp-content/uploads/2019
/09/SO2-B4.pdf). Of these, cross-sensitivities to NO2 and O3 are the most likely to
impact the accuracy of the SO2 measurement (Alphasense, 2021). Changes in temper-
ature and humidity can also impact electrochemical sensor performance (Lewis et al.,
2016; Mead et al., 2013). However, in this study we are not investigating quantitative
concentrations of SO2 but the AQMesh pods’ efficiency at determining the simultane-
ous enhancement of SO2 and PM and hence the equipment’s ability to recognise the
presence or absence of volcanic plume, and as such it is sufficient to measure relative
changes even when the absolute concentrations of SO2 are unreliable.
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3.2.4 PM sensor humidity correction factor

The optical particle counter (OPC) used in the AQMesh pods is a small, low-cost
sensor making it suitable for deployment in compact instrument systems. Such sensors
are becoming widely used in the air quality aerosol-monitoring community as they offer
an alternative to more expensive reference-grade instrumentation which often require
high power input and surrounding infrastructure (Kelly et al., 2017; Lewis et al., 2016;
Sousan et al., 2016a; Sousan et al., 2016b). However, the trade-off of using these low-cost
compact OPCs is that they do not currently provide such precise, accurate or sensitive
measurements as their reference-grade counterparts (Crilley et al., 2018; Crilley et al.,
2020; Sousan et al., 2016a).

Part of the issue lies with the methodology for acquiring the number and size of
the particles. Many low-cost OPCs measure the number of particles and the particle
diameters by examining the light-scattering as each particle passes through a laser beam.
These measurements are then converted to particle mass concentrations by assuming
that the particles are spherical and of a uniform density. However, most low-cost OPCs
do not dry the sampled air prior to measurement, as this would require additional
hardware and power costs. Atmospheric particles are typically hygroscopic in that
they absorb moisture from the air, and at high humidities it is often water which is
the dominant component of atmospheric particles (Gysel et al., 2007). The ability of
particles to absorb water depends on the particle composition, with the variability of
hygroscopicity determined by the inorganic mass fraction, with sulphate in particular
being a very hygroscopic particle composition (Crilley et al., 2020; Gysel et al., 2007;
McFiggans et al., 2005). When the sampled air is not dried prior to measurement by
OPCs, the particle hygroscopicity can lead to significant bias in the determination of
particle size and shape, especially under high humidity conditions (Crilley et al., 2018;
Crilley et al., 2020; Jayaratne et al., 2018). As a consequence of this, the reported
particle mass concentrations from OPCs without a heated inlet need to be converted
from wet particle mass concentrations to dry particle mass concentrations in order to be
more accurate and comparable to reference-grade instruments and measurements made
at different humidity levels.

Here we follow the methodology described in Crilley et al., 2018 and Crilley et al.,
2020 to apply a correction factor to the reported results for PM1, PM2.5 and PM10 from
the AQMesh network in Nicaragua. The correction factor (C) is applied in the following
manner as described in Equation 3.1:

C = 1 +

κ
ρp

−1 + 1
aw

(3.1)

where ρp is the density of the dry particles (here we use 1.65 g cm-3 which is the
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ambient particle density assumed by the OPC-N2); aw is the water activity (RH/100)
and the value for κ can be found by a non-linear curve fitting of a humidogram (aw vs
m/m0 where m and m0 are the wet and dry (RH=0%) aerosol mass, respectively). For
PM1 and PM2.5 measurements we used a κ value of 0.53 relating to ammonium sulphate
(Petters and Kreidenweis, 2007) and for PM10 measurements we use a κ value of 0.33
relating to dust particles as these have a lower hygroscopicity and would normally
be found in the PM10 size fraction (Pringle et al., 2010). For the correction factor
calculations we use the relative humidity as measured by the humidity sensor installed
in the base plate of the AQMesh pods.

The raw particle mass concentrations reported by the AQMesh pods can then be
corrected according to Equation 3.2:

PMCorr =
PMRaw

C
(3.2)

The manufacturer states that the OPC-N2 instruments are factory calibrated prior
to sale. The application of the correction factor as described above should remove the
impact of high humidity conditions from the measurements (Crilley et al., 2018; Crilley
et al., 2020).

3.2.5 Detecting volcanic air pollution episodes

By definition, VAP elevates concentrations of SO2 and PM at ground level for a pe-
riod of time. However, the SO2 sensors periodically recorded seemingly unrealistic
peaks and troughs in concentration [Figure 3.8]. Therefore, we attempted to evaluate
how reliable the AQMesh pods are in identifying VAPE by using different data anal-
yses approaches and independent sources of data. We analysed the AQMesh data for
correlations between SO2 and PM and for variability in PM concentrations and size
fractions. Forecast meteorological data (ECMWF) and high-resolution satellite images
of the volcanic plume were used as independent proxies for the likely presence of VAPE.

3.2.5.1 Concurrent SO2 and PM

We expect a strong correlation between SO2 and PM during VAPE as both species
are abundant in volcanic plumes. SO2 has no strong non-volcanic local sources (some
amounts are emitted from cooking fires and fuel combustion) and would therefore only
become elevated at ground level during VAPE. PM is released in high concentrations
both from volcanic and non-volcanic origins (likely local sources include cooking fires,
traffic, household waste burning and agricultural fires) and would become elevated dur-
ing both types of pollution events. SO2 alone, or the simultaneous presence of both SO2

and PM, will distinguish episodes of volcanic pollution from non-volcanic pollution.
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The data obtained from the AQMesh instruments were processed into hourly aver-
ages. Periods of erroneous or missing data [Table 3.2] were not included in the analysis.
The remaining data were analysed using RatioCalc 3.2 software following Tamburello,
2015. RatioCalc software was used to determine periods of time when there were strong
correlations (r2 greater than 0.5) between SO2 and the humidity-corrected measure-
ments of PM1, PM2.5 and PM10 (henceforth termed simultaneous enhancement of SO2

and PM) indicating VAPE. A minimum threshold of four consecutive days of good
correlation was set to ensure that the concurrent SO2 and PM signal was real and
not a result of instrumental error or drift. Data were excluded from further analysis
when SO2 had a correlation to the relative humidity greater than an r2 value of 0.25,
as a dependence on humidity indicates the SO2 response is not representative of the
actual atmospheric SO2 concentrations but an instrumental artefact (Roberts et al.,
2012). Correlation periods were only included where SO2 concentration peaks reached
at least 20 ppbv, as concentrations lower than this are beneath the unambiguous detec-
tion limit of the electrochemical SO2 sensor. At Rigoberto station, the AQMesh pod
recorded some instances where SO2 concentrations peaked at 300 ppbv for short (< 3
hour) durations. Such peaks in SO2 were not found elsewhere during the analysis and
have been interpreted to be anthropogenic pollution, most likely from the local cooking
fires. These cooking-fire related detections were removed from the analysis.

3.2.5.2 PM concentration and size fractions

We analysed the concentration and change in size fractions of PM1, PM2.5 and PM10

from each of the measurement stations. Using the VAPE identification from ECMWF
and satellite imagery (respective methods in 3.2.5.3 and 3.2.5.4), the PM data were
divided into categories of VAPE-likely and VAPE-unlikely conditions and analysed to
investigate any significant differences in the number and range of PM under the differ-
ent conditions. A two-sample t-test, used to test whether the means of two datasets
are equal, was applied to determine the significance level of any differences between
the VAPE-likely and VAPE-unlikely conditions for each of the size fraction categories.
Using the VAPE-unlikely data-set, a monthly average background concentration was
calculated for each PM size category at each measurement station. The VAPE-likely
and VAPE-unlikely data-sets were then compared to the monthly background average
to determine significant outliers indicating PM pollution events.

3.2.5.3 ECMWF Forecast Data

We used meteorological data to determine the likely volcanic plume transport direction,
as an indication for how likely VAPEs were during a particular period. Observations
from meteorological stations could not be obtained within the scope of this project. In-
stead we used forecast meteorological data from the European Centre for Medium-Range
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Figure 3.4: Forecast meteorological data for Masaya volcano. (A) Wind rose for the period
February to August 2017 at 900 hPa, with an average geopotential height of 948 m ± 113 m.
Wind direction is predominantly from the ENE and E. Data are derived from ECMWF forecast
and are displayed as the direction the wind is blowing from. (B) Comparison between the
ECMWF 900 hPA wind direction data and the wind directions derived from the satellite imagery
over Masaya volcano.

Weather Forecasts (ECMWF) to determine when volcanic plume was likely to have been
present at the measurement stations. ECMWF uses ensemble forecasting to predict the
evolution of atmospheric conditions through time (Buizza et al., 2005; Molteni et al.,
1996). Forecast data were extracted from the ECMWF model at 12.0000 N 273.8750 E,
which is the closest grid point to Masaya volcano, located approximately 1 km to the
north and 3 km to the west from the active volcanic vent. The ECMWF forecast
resolution was 0.125 degrees (≈ 12 km at the equator).

ECWMF forecasts were obtained for the period 27th February to 28th August 2017.
Data were retrieved in a three-hour cycle, with each output producing forecast results
at twenty-five pressure levels through the atmosphere, from 1000 hPa (average geopo-
tential height of 104 m asl) to 1 hPa (average geopotential height of 46,197 m asl).
Model estimates of temperature (K), wind direction (° from north), wind speed (m/s),
geopotential height (m), vertical velocity (m/s) and humidity (% RH) were extracted
for each pressure level. The wind speed and direction were examined graphically in
wind roses to determine changes in the wind direction through a vertical profile of the
atmosphere from near ground-level to 3000 m asl. The predominant wind direction was
found to be from an East or East-North-East direction for the lower 3000 m of the
atmospheric column during the period of interest.

The wind direction at each pressure level, derived from the ECMWF forecasts, was
compared to the wind direction derived visually from visible plume extension seen in
satellite imagery [Section 3.2.5.4] to determine best correlation and likely height of the
plume. The time of satellite imagery acquisition was obtained from the image metadata,
and the comparison to ECMWF forecasts was calculated at the closest model output
time to reduce discrepancies from changes in wind direction before and after satellite
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imagery acquisition. The ECMWF forecast at 900 hPa (948 m ± 112 m asl) had the
highest correlation with plume extension orientation seen in satellite imagery during
the thirteen days of overlapping data, with a Pearson’s r value of 0.86 [Figure 3.4].
As a result we interpret that the plume is most commonly being dispersed away from
Masaya volcano at a geopotential height of 948 m asl. This is consistent with the volcano
summit height (635 m asl) plus some thermal plume rise above the crater. However,
we recognise that this interpreted plume height may have some bias resulting from
only using visible plume extension from satellite imagery on days with clear skies if we
consider that overcast days may have a different air pressure causing the plume to travel
at a different height in the atmosphere. The ECMWF forecasts at 900 hPa were used
throughout the study to determine which AQMesh station was likely exposed to volcanic
plume throughout the period of interest. We recognise that using ECMWF forecast data
at an average height in the atmosphere of 948 m asl to interpret the dispersion direction
of Masaya’s volcanic plume may introduce errors in the prediction of which AQMesh
station was exposed to volcanic pollutants as there is no guarantee that the plume will
"ground" at the AQMesh station to allow ground-based measurement of the pollutants.
ECMWF forecast data were used in 24-hour averages to give a good representation of
the overall meteorological conditions. The likely presence of plume at each AQMesh
measurement station was evaluated and compared to the AQMesh measurements to
quantify the effectiveness of the AQMesh pods at recognising the presence of volcanic
plume.

3.2.5.4 Satellite Imagery

Visual satellite imagery of the volcanic plume from Masaya was used as another indica-
tion for a greater likelihood of a VAPE. The USGS Landlook Viewer (https://landlook.usgs.gov/)
displays high-resolution satellite images from Sentinel 2, Landsat 7, and Landsat 8. The
satellite imagery obtained was non-continuous over 2017. Twenty-seven satellite images
were obtained of the region around Masaya volcano between 5th March and 28th August
2017. Of these, twelve could not be effectively examined to determine plume direction
due to the extent of opaque cloud cover, and two occurred during periods of unavailable
ECMWF data. The remaining thirteen satellite images were compared to the ECMWF
forecast wind directions. Visual inspection of the plume trajectory was also used to
determine which AQMesh station was likely exposed to volcanic plume on a given day.

Visual analysis of the satellite imagery suggested sources of potential errors in
the identification of likely plume presence at an AQMesh station using the ECMWF
forecasts. Some satellite imagery indicated non-linear movement of Masaya’s volcanic
plume. A non-linear plume trajectory [Figure 3.5A] may result in bias in the assignment
of which AQMesh station was likely exposed to volcanic plume, as the wind direction
does not remain constant following plume dispersal away from the source point. As
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Figure 3.5: Satellite imagery obtained from the USGS Landlook viewer, annotated with plume
trajectories indicated by white dashed lines. The source point (Masaya volcano’s Santiago
crater) is visible with the lava lake. AQMesh measurement stations are indicated with black
circles and labelled as follows: ElC - El Crucero; P - Pacaya; ElP - El Panama; R - Rigoberto;
SJ - San Juan. Plume is visible by semi-linear feature of white condensing clouds initiating from
the source point, often interspersed with blue-tinged haze which is likely due to the particulate
component. (A) 13th March 2017 where the plume moves initially towards the south-west
before the trajectory alters towards the west. Plume width is approximately 1.5 km. (B)
30th March 2017 where the plume moves west with a wide lateral spread of approximately 3 km
within the first 4 km from the source point.

there is limited availability of satellite imagery for use in comparison to the ECMWF
data, it is not possible to determine the frequency of occurrences of non-linear plume
trajectory. Another potential source of error is the width of the plume. Figure 3.5A
and B indicate the variability in lateral plume width (by a factor of ≈ 2), which is
not determinable from the ECMWF forecast wind direction and may cause errors when
characterising stations as being likely exposed to VAP on a specific day. Satellite im-
agery also suffers from the same "grounding" uncertainty where it isn’t certain that a
visible plume is reaching the Earth’s surface.

3.3 Results

3.3.1 Precision of AQMesh Pods PM Measurements

During the co-location testing period [section 3.2.2] the SO2 concentrations were low
and within the noise limit for the electrochemical sensors. As such, only the PM mea-
surements from this co-location period were considered, the results of which for PM1

and PM2.5 are shown in Figure 3.6. During the testing period, the PM1 concentrations
were less than 15 µg/m3 and the PM2.5 were less than 30 µg/m3.

The PM measurements of each of the five AQMesh pods were analysed and as-



§3.3 Results 97

Figure 3.6: Scatter plot matrix of PM1 and PM2.5 results from co-location of AQMesh pods
for eleven days in July 2017, all data are in hourly averages. PM1 results are displayed in the
ten plots in the upper triangle with data plotted in blue. PM2.5 results are displayed in the ten
plots in the lower triangle with data plotted in purple. All data presented have been processed
with the correction factor outlined in section 3.2.4.

sessed for correlation during the co-location period. For PM1 measurements, Pearson’s
r values were high between instruments, with 30% of the r values above 0.9 and 60%
above 0.8. However there was significant variability in the magnitude of PM recorded,
with AQMesh pods 712150 and 789150 consistently measuring higher values than pods
803150, 1733150 and 703150. For PM2.5 measurements, similar Pearson’s r values were
found, with 20% above 0.9 and 70% above 0.8. Measurement variability was reduced
in PM2.5 measurements, though pod 712150 consistently reported lower values with
respect to the other instruments [Figure 3.6].

The co-location indicated that there was some significant variability among the
OPC-N2 instruments within the AQMesh pods at low concentrations. However, despite
the variability in absolute measurements, all the instruments recorded high concen-
trations simultaneously, suggesting that the AQMesh pods are suitable for monitoring
increases in PM above background concentrations, even if there is variability in the
absolute concentration of PM recorded.
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Figure 3.7: Co-location of 43i SO2 analyser and two AQMesh pods at El Crucero measurement
station. Comparisons of SO2 measurements between (A) 43i analyser and the SO2 electrochem-
ical sensor in the 712150 AQMesh pod; (B) 43i analyser and the SO2 electrochemical sensor
in the 703150 AQMesh pod; (C) SO2 electrochemical sensor in the 712150 AQMesh pod and
the SO2 electrochemical sensor in the 703150 AQMesh pod. Comparisons and data presented
here are the peaks in data, near-baseline measurements were removed as they were within the
baseline noise fluctuations of the AQMesh sensors. Measurements from the 43i analyser have
been corrected to remove baseline drift and to account for 18% underestimation as indicated
by post-fieldtrip calibration.

3.3.2 Accuracy of AQMesh Pod SO2 Measurements

During the testing period of AQMesh and the pulsed fluorescence spectroscopy SO2

analyser [Section 3.2.2], both co-located AQMesh pods underestimated the concentra-
tions measured by the SO2 analyser by up to 75% [Figure 3.7]. The correlation between
the electrochemical sensors and the SO2 analyser was very good, with Pearson’s r val-
ues of 0.92 and 0.93 respectively across both AQMesh pods. The two AQMesh pods
correlated very well with each other, with a Pearson’s r value of 0.98 and 5% variance in
the measurement trend [Figure 3.7C]. The Alphasense B4 sensors may not be suitable
for reporting absolute values of SO2 at low concentrations (see discussion below), but
are reliable for detecting when SO2 in the atmosphere is increased to above background
concentrations. We therefore suggest that they are suitable for a low-cost sensor net-
work where the instruments are used to determine the presence or absence of volcanic
plume and where identifying changes is the greatest priority.

Although AQMesh indicates that the SO2 sensors were calibrated in the factory
prior to sale, it is likely that each electrochemical sensor will have a slightly different
level of accuracy and measurement precision with the potential for some baseline drift
(Alphasense, 2021). The impact of the corrosive volcanic environment was the likely
cause of the SO2 electrochemical sensors frequently failing and requiring replacement.
This means that there will be temporal inconsistencies as sensors are replaced, adding
an additional source of uncertainty to the data. One of the symptoms of the SO2 sensor
failures was extreme peaks and troughs in the recorded SO2 [Figure 3.8]. These peaks
and troughs were not recorded at the background measurement station at San Juan,
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or at the Rigoberto measurement station which was located closer to the edge of the
prevailing plume dispersion region [Figure 3.8A, B]. The near-field site at El Panama
and the far-field sites at El Crucero and Pacaya recorded extreme peaks and troughs
in SO2 [Figure 3.8C, D, E], likely due to volcanic pollutant-induced corrosion. SO2

measurements at some AQMesh stations recorded a diurnal signal which is likely due to
the humidity and/or temperature impacting the sensor baseline [Figure 3.8F, I]. These
diurnal signals are difficult to remove as each SO2 sensor can have sensor-specific re-
sponses and several sensors had to be replaced during the six-month experiment period.
Due to the frequent SO2 sensor failure and extreme erroneous measurements, the SO2

data is here concluded to be unreliable as a stand-alone measurement, at least for long-
term deployment with minimal maintenance commitment. This further motivates our
methodology choice to use simultaneous enhancement of SO2 and PM (i.e. correlation
with r2 > 0.5, see Section 3.2.5.1) as an indicator of the presence of volcanic plume
[Figure 3.9].
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3.3.3 Efficiency of AQMesh pods at recognising volcanic plume

3.3.3.1 Simultaneous enhancement of SO2 and PM indicates VAP

Wind directions from the ECMWF 900 hPa forecast and the satellite imagery were
analysed to determine when VAPE was likely to be present at an AQMesh measurement
station. The VAPE-likely days were cross-referenced with the AQMesh data periods
of simultaneously elevated SO2 and PM to determine the ability of the instruments to
detect VAPE. This approach will miss identification of VAPE by the instruments when
the sensors recorded simultaneously elevated SO2 and PM for less time than our defined
minimum threshold of four consecutive days. The results are presented in Figure 3.10.

A control analysis was implemented to identify agreement-positives (where ECMWF
or satellite imagery indicated VAPE-likely at the same time as the AQMesh instruments
also detected a simultaneous enhancement of SO2 and PM) and disagreement-positives
(where ECMWF or satellite imagery indicated VAPE-unlikely but the AQMesh instru-
ments reported a simultaneous enhancement of SO2 and PM). It should be noted that
the determination of VAPE from the ECMWF data and satellite imagery may have
substantial bias (see Sections 3.2.5.3 and 3.2.5.4). The meteorological data is a forecast
rather than an observation, and therefore there may be instances of the plume being
present at a measurement station without the forecast successfully predicting its pres-
ence. The forecast may also not successfully predict whether the plume is at ground
level. The potential bias of the satellite imagery is caused by the fact that the images
are a snapshot in time and do not capture conditions where the plume direction is
dynamic. The results of the control analysis are presented in Figure 3.11.

At the background San Juan station [Figure 3.2], the AQMesh pod detected no
simultaneous enhancement of elevated SO2 and PM. ECMWF data and satellite imagery
indicated no intervals of VAPE-likely, in agreement with the AQMesh.

At the near-field sites (Rigoberto and El Panama), the AQMesh pods detected the
presence of the plume in reasonably good agreement with the ECMWF and satellite im-
agery given the potential sources of bias detailed above. At El Panama the AQMesh pod
detected the plume with elevated SO2 and PM2.5 for 65% of the time that ECMWF
indicated VAPE-likely, and 42% of the time that satellite imagery indicated VAPE-
likely [Figure 3.10]. The AQMesh at Rigoberto identified the presence of the plume
with elevated levels of SO2 and PM2.5 for 42% of the time that ECMWF indicated
VAPE-likely and 30% of the time that satellite imagery indicated VAPE-likely [Fig-
ure 3.10]. The results were very similar for SO2/PM1 and SO2/PM2.5 correlations. For
SO2/PM10 correlation the plume was less often identified at El Panama and never at
Rigoberto. Null hypothesis tests were then performed on the data sets with VAPE-
likely or VAPE-unlikely defined according to combined ECMWF and satellite imagery
methods [Figure 3.11]. The null-hypothesis test at the near-field sites indicated a much
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higher level of agreement-positive than disagreement-positive results for both AQMesh
stations. At El Panama station the AQMesh pod recorded agreement-positive identi-
fications of VAPE 59% of the time for SO2 and PM1, 61% of the time for SO2 and
PM2.5, and 46% of the time for SO2 and PM10 [Figure 3.11]. There were significantly
lower numbers of disagreement-positive plume identifications at El Panama, at 18%
for PM1 and PM10 and 23% for PM2.5 [Figure 3.11]. Rigoberto AQMesh pod likewise
had a higher percentage of agreement-positive instances than disagreement-positives for
simultaneously elevated SO2 and PM1 (41% agreement-positive and 22% disagreement-
positive) and PM2.5 (41% agreement-positive and 15% disagreement-positive), with no
occasions of correlations in SO2 and PM10 at r2 > 0.5. However, the absolute number of
disagreement-positive identifications was higher at Rigoberto for SO2 to PM1, with 16
agreement-positive events and 21 disagreement-positive events. Rigoberto station was
located closer to the edge of the prevailing plume dispersion region [Figure 3.2] and also
relatively close to domestic cooking fires and the occurrences of disagreement-positives
at this measurement site may be due to pollution events not related to Masaya volcano.

The far-field sites situated on the Las Sierras highlands (El Crucero and Pacaya)
were not able to effectively recognise the presence of volcanic plume via means of simul-
taneously elevated SO2 and PM. The El Crucero AQMesh pod recognised a volcanic
signature 5% of the time that ECMWF indicated VAPE-likely at the station, and 0%
of the time that satellite imagery indicated VAPE-likely [Figure 3.10]. The AQMesh
at Pacaya never detected VAPE as defined by simultaneous enhancement of SO2 and
PM. Likewise the null-hypothesis test at the far-field sites indicated that the far-field
AQMesh pods were not able to effectively recognise the presence or absence of the vol-
canic plume. El Crucero AQMesh station had an equal percentage of agreement-positive
and disagreement-positive events for SO2 to PM1, and no periods of simultaneously el-
evated SO2 and PM2.5 or PM10. The likely reasons for this are discussed in Section
3.4.1.2.

The agreement in VAPE identification was higher between AQMesh and ECMWF
than between AQMesh and satellite imagery for El Panama, Rigoberto and El Crucero
stations [Figure 3.10]. This is potentially due to satellite images providing only a snap-
shot of the meteorological conditions, whereas the ECMWF data were analysed as daily
averages to provide an overview of conditions and reducing the impact of outlying wind
directions.

3.3.3.2 Enhancement in fine PM associated with the presence of volcanic
plume

PM data were analysed to determine whether there were significant differences in the
mass concentrations of different size fractions (PM1, PM2.5 and PM10) under VAPE-
likely and VAPE-unlikely conditions. A two-sample t-test indicated significant differ-
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Figure 3.10: Efficiency of AQMesh pods at recognising VAPE derived from satellite and
ECMWF data at three measurement stations. The frequency of VAPE-likely periods at the
measurement station is indicated by the black bar, and frequency of simultaneous enhancement
of SO2 and PM AQMesh measurements are indicated by the blue, green and pink bars. Only
periods where the AQMesh instrument was functional are considered here. Results are split
into VAPE-likely periods derived from ECMWF forecasts and from satellite imagery. Percent-
ages noted on each coloured bar indicate the proportion of how often that the AQMesh pods
recognised VAPE derived from the relevant meteorological data. San Juan and Pacaya AQMesh
stations are not displayed as no simultaneous enhancement of SO2 and PM were found at these
stations.
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Figure 3.11: Efficiency of AQMesh pods at recognising VAPE at three measurement sta-
tions. Black bars indicate frequency of VAPE-likely conditions at the measurement station,
as derived from both ECMWF and satellite data, during periods when the AQMesh pod was
fully-functional. Yellow hatched bars indicate frequency of VAPE-unlikely conditions at the
measurement station, as derived from both ECMWF and satellite data, during periods when
the AQMesh pod was fully-functional. Percentages noted on each coloured bar under VAPE-
likely conditions indicate the proportion of how often that the AQMesh pods recognised VAPE
by means of simultaneous enhancement of SO2 and PM. Percentages noted on each coloured bar
under VAPE-unlikely conditions indicate the proportion of how often that the AQMesh pods
gave a disagreement-positive result and falsely indicated VAPE. San Juan and Pacaya AQMesh
stations are not displayed as no simultaneous enhancement of SO2 and PM were found at these
stations.
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ences in the mean PM under VAPE-likely and VAPE-unlikely conditions at El Crucero
and El Panama with all probabilities well below the significance level of 0.05. The
two-sample t-test at Pacaya also showed significant difference between VAPE-likely and
VAPE-unlikely conditions, although with probabilities closer to the significance level
of 0.05. Rigoberto data proved to have an insignificant difference between the VAPE-
likely and VAPE-unlikely conditions for all size fractions. A two-sample t-test could not
be calculated for San Juan AQMesh station as ECMWF and satellite imagery did not
indicate any periods where the plume was likely to have been present there, consistent
with it being a background site. At El Panama and El Crucero, the two-sample t-test
indicated a larger significance in the difference between VAPE-likely and VAPE-unlikely
conditions for PM1 than for the larger size fractions, while at Pacaya the highest signif-
icance was for PM2.5 followed by PM1. This indicates that the majority of the volcanic
PM are very fine (typically <1 µm diameter), which follows the findings of previous
studies where volcanic PM are often found to be in the smallest size fraction (Ilyinskaya
et al., 2021; Ilyinskaya et al., 2017; Martin et al., 2011; Mason et al., 2021).

Peaks in PM concentrations for each size fraction do not appear to be linked to the
presence or absence of the plume, with equally high maximum hourly concentrations
recorded under both VAPE-likely and VAPE-unlikely conditions [Figure 3.12]. However,
at El Panama and El Crucero, the average PM concentration across the six-month
measurement period for all size fractions is higher during VAPE-likely conditions than
VAPE-unlikely conditions [Figure 3.12], as was shown by the t-tests above. This is in
agreement with observations of a PM-rich volcanic plume in Iceland (Ilyinskaya et al.,
2017). From this we infer that at these stations there is a background level of PM that
persists under both VAPE-unlikely and VAPE-likely conditions, whilst in VAPE-likely
conditions there is an additional contribution from volcanically-sourced PM.

We calculated the frequency of episodes when PM size-dependent concentrations
are above-background [Table 3.3]. We identified events where the average daily con-
centration exceeded one standard deviation above the long-term background average,
indicating a PM pollution event (hereafter termed as such). At El Panama there was
a much higher frequency of PM pollution events during VAPE-likely periods (41% for
PM1, 40% for PM2.5 and 44% for PM10) than during VAPE-unlikely periods (17% for
PM1, and 21% for both PM2.5 and PM10) [Table 3.3]. The El Crucero measurement
station had a higher frequency of PM pollution events during VAPE-likely conditions
(48% for both PM1 and PM2.5 and 25% for PM10) than during VAPE-unlikely condi-
tions (8.6% for PM1, 5.5% for PM2.5 and 13% for PM10). Enhanced frequency of PM
pollution events during VAPE-likely periods is also seen at the Pacaya and Rigoberto
stations but it is much smaller than at the other stations [Table 3.3]. At the back-
ground San Juan station, the frequency of PM pollution events was comparable to
VAPE-unlikely periods at the other stations [Table 3.3]. This supports the interpre-
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Figure 3.12: Range of PM concentrations at El Crucero, Pacaya, El Panama, Rigoberto and
San Juan measurement stations under VAPE-likely (brown box-plots) and VAPE-unlikely (blue
box-plots) conditions. Note the logarithmic y-axis scale on the left-hand graphs and linear y-
axis scale on the right-hand graphs. VAPE-likely or VAPE-unlikely conditions are as identified
by ECWMF forecasts and satellite imagery. Data plotted are hourly averages across the entire
measurement period.

tation that AQMesh pods are reliably identifying PM pollution events of volcanic vs
non-volcanic origin.

3.4 Discussion

3.4.1 Detection of VAP from Masaya volcano by AQMesh network

3.4.1.1 Near-source locations impacted by the plume

The AQMesh pods at both El Panama and Rigoberto were reasonably effective at recog-
nising the presence of volcanic plume as defined by simultaneous enhancement of SO2

and PM during periods when meteorological data suggested the plume was likely at the
measurement station. Both stations also had a number of plume identifications dur-
ing intervals when the meteorological data suggested VAPE-unlikely conditions, though
the percentage of disagreement-positives was smaller than the percentage of agreement-
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Table 3.3: PM pollution events defined as a period of 24-hours exceeding 1 standard deviation
(SD) above the monthly background 24-hour PM average. VAPE-likely and VAPE-unlikely con-
ditions are determined from ECMWF data and satellite imagery, and the monthly background
average concentration is calculated from the VAPE-unlikely period data. The percentage of
time exceeding the background average is calculated from the total time under VAPE-likely or
VAPE-unlikely conditions.

Station
Location

PM
Size

Group

Events exceeding 1∼SD
above background average

Percentage time exceeding 1∼SD above
background average

VAPE-likely
Conditions

VAPE-unlikely
Conditions

VAPE-likely
Conditions

VAPE-unlikely
Conditions

El Crucero
PM1 19 11 48% 8.6%
PM2.5 19 7 48% 5.5%
PM10 10 16 25% 13%

Pacaya
PM1 16 13 22% 18%
PM2.5 18 15 25% 20%
PM10 13 14 18% 19%

El Panama
PM1 33 14 41% 17%
PM2.5 32 18 40% 21%
PM10 36 18 44% 21%

Rigoberto
PM1 9 20 21% 16%
PM2.5 6 20 14% 16%
PM10 6 18 14% 15%

San Juan
PM1 0 19 0% 14%
PM2.5 0 20 0% 15%
PM10 0 19 0% 14%

positives [Figure 3.11]. These findings support that simultaneous enhancement of SO2

and PM measured by the AQMesh in near-field measurement stations around Masaya
volcano are a suitable indicator for recognising the presence of the volcanic plume.

The PM distribution analysis indicated that the El Panama AQMesh pod recorded
significantly higher frequencies of PM pollution events (for definition of PM pollution
event see Section 3.3.3.2) during VAPE-likely conditions than VAPE-unlikely conditions
[Table 3.3]. We infer that the PM pollution events during intervals when the plume was
likely to be absent were caused by non-volcanic sources such as cooking fires, agricul-
tural fires, or wildfire events. Satellite-derived information is available regarding wildfire
events in Nicaragua (NASA, 2021), however smaller-scale events such as cooking fires,
burning of household waste, and smaller-scale agricultural fires are not readily trace-
able. The PM pollution events during VAPE-unlikely conditions may also be caused
by unsuccessful identification of plume presence by ECMWF data or satellite imagery
(given the uncertainties as mentioned in Sections 3.2.5.3 and 3.2.5.4).

The AQMesh pod at the Rigoberto measurement station had an insignificant dif-
ference between VAPE-likely and VAPE-unlikely conditions for all PM size fractions in
the two-sample t-test. There was also a low variability in the frequency of PM pollution
events between VAPE-likely and VAPE-unlikely conditions [Table 3.3]. This is likely
due to a coincidence of two factors. Rigoberto is located on the edge of the prevailing
plume direction [Figure 3.2] and therefore is likely to receive a more dilute VAP with
lower frequency of volcanic PM pollution events. The close proximity of the pod to
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domestic cooking fires was likely the more important source of the local PM pollution
events, overriding the signal of VAP. These results highlight the importance of consider-
ing different air pollution sources together and not placing volcanic-pollution detection
instruments in places likely to be impacted by non-volcanic pollution.

3.4.1.2 Far-field locations impacted by the plume

The AQMesh pods at the El Crucero and Pacaya measurement stations were the least
efficient at recognising the presence of the volcanic plume using simultaneously elevated
concentrations of SO2 and PM, with only minimal volcanic signatures recorded at El
Crucero and none at the Pacaya station. The inefficiency of this method may be related
to the greater distance between the volcanic source and the measurement sites (16 km
from the crater, as opposed to 4 km for the near-field stations). Firstly, the greater
distance may result in higher uncertainty in identifying the plume dispersal direction
through meteorological forecasts. The ECMWF data were extracted for the grid point
local to Santiago Crater and may not be representative of wind conditions over the
full distance between the volcanic source and the Las Sierras highlands. The down-
wind variability in wind direction was observed on several occasions in satellite imagery
with non-linear dispersion of the volcanic plume [Figure 3.5A]. Additionally, although
meteorological data may correctly suggest the plume is being dispersed towards a mea-
surement station on a given day, these parameters do not guarantee that the plume
will "ground" and be measurable at ground-level. It is noted that the assumed plume
height of 948 m ± 112 m asl could yield plume altitude below the Las Sierras ridge at
925 m, potentially acting to block the plume, although plume has been detected on the
ridge previously (Delmelle et al., 2002; Mather et al., 2003). Secondly, over the 16 km
distance between the volcanic source and the Las Sierras highlands, the plume may have
become diluted into the atmosphere to the extent that the concentration was below the
reliable range of the sensors. Thirdly, if in-plume conversion of SO2 to PM was very
extensive, this could eventually lower the correlation between SO2 and PM. As such, the
apparent inefficiency of the El Crucero and Pacaya AQMesh pods may be because the
plume was not physically present at the stations at times when the ECMWF data and
satellite imagery suggests it would be. Were the experiment to be repeated, it would
be invaluable to set up a reference-grade measurement station for long-term monitoring
alongside at least one of the far-field AQMesh stations. This would allow verification
of the presence or absence of elevated SO2 and PM at ground level and testing of the
response of the AQMesh pod relative to the reference-grade instrument. This would
allow verification of whether the AQMesh pods were correct in their positive or nega-
tive identification of the plume’s presence. It would also be valuable to better constrain
the plume height and extent in the vertical, potentially using drone or meteorological
balloon measurements.
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The PM distribution analysis at the El Crucero station indicated significantly higher
frequencies of PM pollution events during VAPE-likely conditions than VAPE-unlikely
conditions [Table 3.3], similar to that found at El Panama. At Pacaya AQMesh station
the enhancement in VAPE-likely PM pollution events was lower than at El Crucero,
in spite of the proximity of the two stations [Figure 3.2]. The cause for the smaller
difference between VAPE-likely and VAPE-unlikely conditions at Pacaya is uncertain,
but may be a result of localised anthropogenic pollution sources. The Pacaya station
was located on the roof of a clinic, possibly resulting in more traffic-related pollution
during the day. This potentially demonstrates the small-scale variability in pollution
levels.

3.4.1.3 PM pollution events

Based on the SO2 flux from 2016 [Figure 3.1] and visual observations of the plume dur-
ing our fieldwork in 2017, the emissions from Masaya volcano were relatively low during
the measurement period of this study. The frequency and concentration of the pollu-
tion events reported here should therefore be taken as a possible lower-limit at Masaya.
Due to the high uncertainty in the quantitative measurements of SO2 we refrain from
discussing related air quality impacts, and focus on the PM data in this context. While
the long-term average PM concentration is relatively low at all stations [Figure 3.9], the
pollution events (both volcanic and non-volcanic) reach potentially unhealthy values
(24-hour average: PM2.5 > 35 µg/m3 (EPA, 2013)) and support the need for an opera-
tional air quality network. At both near- and far-field stations impacted by the plume,
the VAP-related pollution events enhance the concentration of PM1 and PM2.5 to a
greater extent that PM10, consistent with the fine size of volcanic particulates (Ilyin-
skaya et al., 2021; Ilyinskaya et al., 2017; Martin et al., 2011; Mason et al., 2021) [Table
3.3]. This is important for the potential impacts of VAP as fine PM is associated with
more detrimental effects on human health, morbidity and mortality (Holgate, 2017).

3.4.2 Alternative air quality monitoring tools

The AQMesh pods are a relatively low-cost monitoring option. A network of five
AQMesh pods for permanent installation would have an initial cost of £35,000 (≈ US$48,000),
as quoted from ACOEM Air Monitors in 2021, followed by yearly server and mainte-
nance costs. They are easy to install and do not require a large amount of infrastructure
to operate. However, they suffered from frequent instrument failure in this case study,
presumably to be due to the high level of fast-acting corrosion from the volcanic plume
[Figure 3.3]. In such instances they require continual maintenance and purchase of
replacement parts. Although having the advantage of being low-cost and relatively
compact, the AQMesh instruments have the drawback of being less precise and accu-
rate than larger reference-grade instruments, as indicated in Figure 3.7. The data from
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the instruments also requires substantial processing and analysis, meaning that the cur-
rent set-up is not useful for plume monitoring in real time until automatic algorithms
can be implemented.

In comparison, if a network of reference-grade monitoring instruments were installed,
the cost of installation and construction of the required infrastructure would be signif-
icantly higher. A single pulsed fluorescence spectroscopy SO2 analyser costs in the
range of £8,000 to £12,000 (≈ US$10,900 to US$16,300) depending on the configu-
ration (quote from Thermo Fisher Scientific, 2021). A BAM-1020 (manufactured by
Met One Instruments) which is a reference-grade FEM instrument for measuring PM
would cost in the range of £17,000 (≈ US$23,200) (quote from Enviro Technology Ser-
vices Ltd, 2021). The instrumentation cost of one reference-grade monitoring station
would therefore be in the range of £25,000 to £29,000 (≈ US$34,000 to US$39,500),
and a network of five would be approximately £135,000 (≈ US$184,000) for instrument
purchase alone. Permanent ambient air quality stations such as these must be kept
in air-conditioned enclosures to maintain long-term stability, adding considerable ad-
ditional cost and time considerations related to construction of buildings with access
to mains power. Although such a network of reference-grade monitoring instruments
would provide accurate and reliable measurements of volcanic plume in downwind loca-
tions, the feasibility of installing such a high-expense monitoring network is restricted
where resources are more limited.

An alternative option for an even cheaper low-cost instrument network would be
PurpleAir sensors. PurpleAir (Utah, USA) instruments cost approximately US$250
(≈ £180) per unit (quote from PurpleAir, 2019) and can be purchased and operated by
members of the community with all data available online in an open-access, user-friendly
format (PurpleAir, 2019). PurpleAir instruments only have the capability of measuring
PM, which they measure using Plantower PMS5003 sensors (Kelly et al., 2017; Sayahi
et al., 2019). Each PurpleAir contains two Plantower PMS5003 sensors mounted in
one housing, allowing self-consistency checks to alert when significant differences are
reported between the internal sensors. The instruments are easy to install, though do
require mains power and stable WiFi access. The data are uploaded automatically to
the PurpleAir web server, removing the need for custom-made data infrastructure. The
real-time map view allows the air quality to be interpreted by non-specialists with ease.
During the 2018 eruption of Kı̄lauea’s lower East Rift Zone on the Island of Hawai‘i,
PurpleAir instruments were installed across the island and provided an open-access
source of air quality information with a high level of accuracy (Pearson’s r value of
0.92) as compared to reference-grade PM sensors, though it should be noted that they
overestimated the concentrations of PM by up to 30 % (Whitty et al., 2020).

A recent study by Crawford et al., 2021 deployed a network of low-cost sensors
similar to the ones described here across the Island of Hawai‘i to monitor Kı̄lauea’s
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lower East Rift Zone in 2018. They used a combination of OPC-N2 sensors, as found
in AQMesh pods, and Plantower PMS5003 sensors, as found in PurpleAir instruments,
to measure PM variability across a large spatial area. Additionally, SO2 was measured
using Alphasense B4-series electrochemical sensors, as used in the AQMesh pods. The
network consisted of 33 sensor nodes, deployed for a total of 17 days during July to
August 2018. The PM measurements were corrected for the effect of high humidity.
Similar to this six-month study, in several of the network nodes Crawford et al., 2021
found SO2 sensors to experience technical difficulties over the 17-day deployment period.
The results from this combined-sensor low-cost network were successful, with similar
PM and SO2 measurements recorded as the regulatory reference-grade network and at
a much higher spatial resolution (Crawford et al., 2021). Crawford et al., 2021 do not
report on the performance of the network over long-term deployment so it is not possible
to make a direct comparison with that of the AQMesh network at Masaya.

In a downwind volcanic setting, such as that surrounding Masaya volcano, condi-
tions can be challenging for air quality monitoring networks, especially with the added
complications of a warm and humid meteorological climate. In such settings it is neces-
sary to consider the balance between a monitoring network’s ability to generate accurate
and reliable measurements against its financial cost, both for the initial installation of
the network, and the on-going burden of instrument maintenance. In Global South
countries such as Nicaragua, limited resources and infrastructure may determine that
the financial burden of installing a full-scale reference-grade monitoring network is too
high. In such instances, governmental bodies and researchers must weigh up the benefits
and disadvantages of alternative monitoring networks at lower costs while attempting to
develop a monitoring system which achieves the primary goal of effectively monitoring
air quality and disseminating the information to local exposed communities. For the
area impacted by Masaya volcano (and comparable areas elsewhere), we conclude that a
combined monitoring approach is the one most likely to achieve this primary goal. The
resources required would be for the installation and maintenance of one reference-grade
monitoring station (consisting of FEM-approved instrumentation for monitoring of SO2

and PM) and a network of lower-cost instruments to provide a higher spatial resolu-
tion. The continuous highly-accurate measurements from the reference-grade station
would provide a reliable point-location determination of the daily concentration of SO2

and PM, allowing residents to determine the potential likely health-impacts from the
volcanic-induced air quality. The reference-grade monitoring station would also be used
for regular calibrations of the lower-cost instruments under local atmospheric (ambient
temperature, relative humidity, etc.) and environmental conditions (concentration and
type of pollutants), including following maintenance and sensor replacements for the
lower-cost instruments. The location of the reference-grade station would be strategi-
cally selected depending on a) how likely it is to be impacted by the volcanic plume
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on a regular basis, b) how representative it is for local population exposure and c)
how accessible it is for network maintenance, including the regular calibrations of the
lower-cost instruments. We suggest that downwind of Masaya volcano, a reference-grade
monitoring station installed in El Panama would fulfil these requirements. The type
of lower-cost instruments that are to be selected for the network have to be carefully
considered because, as shown in this work, they can be subject to frequent component
failures which may result in significant total costs. Based on our results, we suggest
that AQMesh pods (or comparable gas-sensing instruments from other manufacturers)
would require some modifications and subsequent testing in a volcanic environment
if they are to be used for permanent monitoring in order to reduce downtime due to
component failures. The necessary modifications would include better insulation of the
internal electronics [Section 3.4.3], which we found to corrode quickly in areas that are
more exposed to the volcanic plume. PurpleAir PM-only sensors have been shown to
be suitable for long-term deployment (three month duration) in the far-field volcanic
environment on the Island of Hawai‘i (Whitty et al., 2020), and we suggest that they
may be a suitable instrument type for the far-field areas downwind of Masaya, which re-
ceive relatively low concentrations of SO2 (considering the current SO2 flux) but higher
PM concentrations. The proposed combined network, at a medium cost level, would
provide good spatial coverage across the exposed area and allow real-time information
dissemination to exposed communities. The data accuracy would vary between the
reference-grade and the lower-cost instruments but the ability to locally calibrate the
lower-grade instruments would reduce uncertainty.

3.4.3 Recommendations for future use of low-cost sensor systems
around Masaya volcano

Were the AQMesh pods to be installed as permanent monitoring stations in a volcanic
environment similar to the region downwind of Masaya volcano, there are several practi-
cal measures that could be implemented to increase the effectiveness of the instruments
to detect the plume and yield more quantitative data on air quality and plume exposure.
The main issue faced during this deployment was the fast-acting high level of corrosion
resulting from the volcanic environment. Where feasible this could be at least partially
mitigated by shielding of exposed metal components within the AQMesh pods and cir-
cuit boards using protective coatings such as epoxy, aerosol spray, and solder masks to
coat vulnerable components and minimise exposure to corrosion (González-Garcıá et al.,
2007; Liu et al., 2009). This could improve the time-coverage and quantitative nature
of the network measurements, by reducing the need to replace sensors, and thereby
enabling a more detailed sensor characterisation and cross-calibration of sensors from
the network pods to reference-grade SO2 and PM instruments. Further to this, if infras-
tructure were implemented to allow the AQMesh pods to be connected to mains power,
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this would remove the need for battery re-charging every four weeks, therefore reducing
both the maintenance time and costs as well as reducing instances of the instruments
being offline when recharging was delayed.

On-site measurements of humidity are crucial to allow effective correction of the
PM counts (Crilley et al., 2018; Crilley et al., 2020). Humidity measurements are also
important to allow filtering of the SO2 measurements by the electrochemical sensors:
this study focused on measurement intervals where sensors reported SO2 > 20 ppbv
because at low SO2 abundances a diurnal signal with high correlation between recorded
SO2 and humidity might indicate a sensor response due to environmental conditions
and not true SO2 concentrations. Where funds and infrastructure allow, installation of
a meteorological station at a suitable site close to the volcanic source (perhaps upwind
to minimise corrosion) would also be invaluable to allow identification of local wind
conditions and direction of plume dispersal on a real-time basis, as would methods to
better constrain the plume height.

3.4.4 Volcanic air pollution exposure mitigation

Exposure to volcanic SO2 and PM can cause long-term health impacts and result in
significant issues, particularly for children and vulnerable individuals including people
with asthma (ATSDR, 1998; CRI, 2004). In the communities downwind of persistently
degassing volcanoes, like Masaya, exposure can be ongoing over years. Depending on the
rate of volcanic degassing, the meteorological conditions and the characteristics of the
plume, exposure to volcanic SO2 and PM in any one location fluctuates, as shown in this
study and by previous reports. If there is adequate monitoring of volcanic SO2 and/or
PM concentrations in downwind communities, the residents can react to the fluctuating
presence of the plume. During periods of extreme degassing from Kı̄lauea volcano in
Hawaii in 2018, official government advice included remaining indoors, closing doors
and windows and recirculating air within buildings (Hawaii Emergency Management
Agency, 2018). In low-latitude Global South countries such as Nicaragua, buildings
are not commonly airtight and so mitigation strategies would focus more on avoiding
excessive physical activity during especially high levels of exposure [Pohl 1998; Williams-
Jones and Rymer 2015; IVHHN, 2020]. Highly vulnerable individuals may be advised
to leave the affected area during extreme VAPE. These mitigation strategies work best
when there is clear communication to the public regarding the concentration of volcanic
SO2 and PM that they are being exposed to in real-time. This most effectively works
either with a well-maintained ground-based monitoring network with readily-accessible
real-time data, or with a model forecast capable of accurately predicting the movement
of the volcanic plume and allowing communication to community members of their level
of volcanic exposure on any given day. Although the AQMesh network temporarily
installed by the UNRESP project in Nicaragua was not able to provide a real-time
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warning system, it demonstrated that it would be highly beneficial to the communities
surrounding the volcano for an operational monitoring and/or forecasting system to be
implemented.

3.5 Conclusions

A network of five AQMesh pods was installed in Nicaragua by the UNRESP project
between February and August 2017. The network data were analysed to assess the
pods’ effectiveness at recognising the presence of volcanic plume at the measurement
stations. Intervals where volcanic plume was likely to have been present at measure-
ment stations were assessed from ECMWF meteorological forecasts and from visual
inspection of visible plume extension seen in high-resolution satellite imagery. The data
from the AQMesh pods were analysed to identify volcanic signatures by simultaneous
enhancement of SO2 and PM1, PM2.5 and PM10, respectively. The PM data were also
analysed separately to determine differences in the size distribution and concentration
of particles under VAPE-likely and VAPE-unlikely conditions.

The near-field stations of El Panama and Rigoberto were reasonably effective at pos-
itively identifying the presence of the volcanic plume using simultaneous enhancement
of SO2 and PM during periods when meteorological data indicated plume dispersal to-
wards the measurement station. Both these AQMesh sites measured plume more often
during VAPE-likely periods (61% of the time for SO2 and PM2.5 at El Panama and 41%
of the time for SO2 and PM2.5 at Rigoberto) than during VAPE-unlikely periods (23%
of the time for SO2 and PM2.5 at El Panama and 15% of the time for SO2 and PM2.5 at
Rigoberto). The far-field stations of El Crucero and Pacaya were least effective at iden-
tifying the plume’s presence via means of simultaneous enhancement of SO2 and PM.
No SO2 to PM enhancement were identified from data collected at the Pacaya station,
and El Crucero’s AQMesh pod positively identified the presence of the plume only 4%
of the time during VAPE-likely intervals, with an equal occurrence of plume when it
was indicated to be absent. The inefficiency of the El Crucero and Pacaya stations may
be a result of the larger distance from the volcanic source, providing a greater potential
for bias in the determination of VAPE-likely periods from meteorological conditions.

Analysis of the PM data indicated that both near-field and far-field stations can be
suitable for identifying an increase in daily average PM during VAPE-likely conditions.
The El Panama station recorded exceedance events above the background norm 40%
of the measurement time for PM2.5 under VAPE-likely conditions, as opposed to 21%
of the time for VAPE-unlikely conditions. El Crucero similarly had a higher frequency
of exceeding the background norm under VAPE-likely conditions (48% for PM2.5) as
opposed to VAPE-unlikely conditions (5.5% for PM2.5). However, both the Pacaya
and Rigoberto measurement stations showed small variations in the exceedances above
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background norms (25% for VAPE-likely PM2.5 periods and 20% for VAPE-unlikely
PM2.5 periods at Pacaya, and 14% for VAPE-likely PM2.5 periods and 16% for VAPE-
unlikely PM2.5 periods at Rigoberto). At Rigoberto the small variations in exceedances
above background PM concentrations is suggested to be caused by the reasonably close
proximity to domestic cooking fires, and that it is located at the edge of the zone
most impacted by the prevailing plume dispersion. With PM analysis it appears very
important to have a strong understanding of the other pollution sources. As such, the
AQMesh pods are suitable for monitoring the presence of volcanic plume if it is possible
to carefully site them to avoid other sources of contamination and if they are able to be
frequently maintained to replace failed sensors.

The AQMesh pods that were installed in Nicaragua were originally designed for mon-
itoring air quality in urban and commercial environments, and were severely affected by
the volcanic environment in this study. All AQMesh pods required replacement parts
to be installed, likely due to instrument failure or corrosion of key components, and
there was a high frequency of AQMesh pods going offline. The AQMesh pods provide
a relatively low-cost opportunity for monitoring volcanic gas and PM downwind from
Masaya volcano, in comparison to reference-grade instrument networks. However, we
propose a combined monitoring network approach that utilises a strategically-placed
reference-grade monitoring station, supplemented by a wider network of low-cost in-
strument nodes. Countries with persistently outgassing volcanoes could greatly benefit
from installation of permanent monitoring networks to track volcanic plume presence
in downwind communities in real-time, together with the relevant information flow to
communicate this information to vulnerable communities.
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Chapter 4

SO2 and PM air quality and
Icelandic population exposure
during the 2021 Fagradalsfjall
eruption

Abstract

The 2021 Fagradalsfjall eruption was the first modern eruption to occur in proximity
(< 30 km) to the densely populated capital area of Reykjavík in Iceland. The erup-
tion lasted for six months and released between 0.3 to 0.9 Mt sulfur dioxide (SO2)
into the atmosphere. Here we analyse data from 32 air quality monitoring stations,
some reference-grade and some not, around Iceland during the eruption and over a
background non-volcanic period to determine the impact of the volcanic emissions on
concentrations of SO2 and particulate matter (PM). This is the first known analysis of
such a dense network for a volcanic eruption, providing a unique opportunity to inves-
tigate fine spatial and temporal variations in air quality during the eruption. Airborne
concentrations of SO2 above the Icelandic Directive (ID) health threshold (350 µg/m3 as
an hourly average) were predominantly located within a 20 km radius of the eruption.
The monitoring station closest to the emission source (0.6 km distance) recorded 1,372
hourly events where SO2 concentrations exceeded this value. The maximum SO2 con-
centration recorded by this air quality station was 17,820 µg/m3 as an hourly average.
During the course of the eruption there were ≈ 300,000 visitors to the eruption site who
may have been temporarily exposed to such exceptionally high SO2 concentrations. Air
quality stations further afield recorded lower concentrations of SO2, though SO2 health
thresholds were still exceeded on multiple occasions. Air quality stations in Reykjavík
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housed the closest available particulate instrumentation and found PM2.5 concentra-
tions exceeded the World Health Organization (WHO) health threshold (15 µg/m3 as a
daily-mean) on 51 days and PM10 concentrations exceeded the ID threshold (50 µg/m3

as a daily-mean) on 13 days. The CALPUFF dispersion model with an Icelandic popu-
lation map was used to estimate the number of residents who may have been exposed to
concentrations of SO2 above the ID hourly threshold. Analysis indicated that ≈ 47,000
Icelandic residents (≈ 13% of the population) were exposed to SO2 concentrations ex-
ceeding the ID health threshold on more than 24 instances during the eruption (the
maximum annual allowable instances according to the ID). Within the population ex-
posed to > 24 events where SO2 exceeded hourly threshold levels, we determined that
≈ 8,500 people were more vulnerable due to their age (≤ 4 and ≥ 65 years of age). We
undertook a point-verification of plume presence from the CALPUFF dispersion model
compared to an air quality station on the outskirts of Reykjavík. We found that the
CALPUFF model correctly predicted the presence of the plume 79% of the time and
the absence of the plume 80% of the time (with false positives and negatives of 21%
and 20%), indicating a high-level of confidence in the CALPUFF temporal and spatial
gas presence forecasts. Point-analysis of satellite imagery indicates that the plume was
grounding across 36% of instances where SO2 was observed in the atmospheric column.
This point-analysis of satellite imagery has useful implications for future studies where
SO2 in the atmospheric column is used as a proxy for exposure of the population at
ground level. The 2021 Fagradalsfjall eruption is expected to be followed by more vol-
canic unrest on the Reykjanes Peninsula in the coming years, making this study useful
for risk reduction efforts for following eruptions in the area.

4.1 Introduction

Among the hazards posed by volcanic eruptions are emissions of sulfur dioxide (SO2)
gas and aerosol particulate matter (PM) which can affect air quality up to thousands of
kilometers from the source (Carlsen et al., 2021a; Ilyinskaya et al., 2017; Schmidt et al.,
2015; Schmidt et al., 2011). SO2 is a highly hazardous air pollutant, which has well-
defined hourly, daily and annual limits (Icelandic Directive, 2016). Asthma suffers and
those with pre-existing respiratory or cardiac conditions are particularly sensitive to low
levels of SO2 (< 200 ppbv) (ATSDR, 1998; Carlsen et al., 2021b; CRI, 2004). Acute and
chronic exposure to PM from natural and anthropogenic sources has a well-recognised
link with a number of negative health outcomes. Size-resolved PM concentration is
an important factor impacting on health, with fine PM being associated with more
detrimental effects (Cohen et al., 2005). For air quality and health impact assessments,
PM size distribution is commonly sub-divided into categories of PM1, PM2.5 and PM10

(PM with particle diameters of <1 µm, <2.5 µm and <10 µm, respectively). Evidence-
based air quality thresholds have been defined for PM2.5 and PM10 but not for PM1
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(WHO, 2021).

Throughout this work, we will refer to "volcanic emissions", and unless otherwise
stated, our intended meaning is SO2 gas and PM emissions, collectively. Emissions from
basaltic fissure eruptions can be a very significant source of air pollution, on local and
regional scales. Due to the low explosivity, the emissions are released into the tropo-
sphere, elevating concentrations of gases (including SO2) and PM at ground level. This
can affect air quality and human health, as well as damaging infrastructure and agri-
culture (Carlsen et al., 2021b; Delmelle et al., 2002; Hansell and Oppenheimer, 2004;
Ilyinskaya et al., 2017; Schmidt et al., 2015; Stewart et al., 2022). Fissure eruption
plumes are typically ash-poor. The PM in the plume is predominantly formed through
gas-to-particle conversion and is typically very fine, falling within the PM1 or PM2.5

size fractions (Ilyinskaya et al., 2021; Ilyinskaya et al., 2017; Martin et al., 2011; Ma-
son et al., 2021). In such volcanic plumes the PM is a complex chemical mixture of
sulfate and an array of other species, including potentially toxic metals and metalloids
(e.g. lead, cadmium) (Ilyinskaya et al., 2021; Langmann, 2014; Mason et al., 2021).
Exposure to sulfate aerosol in volcanic plumes has been associated with exacerbation
of various health problems, particularly those related to the respiratory tract (Stewart
et al., 2022). After emission, volcanic plumes in the troposphere are advected by the
prevailing wind, and mature compositionally through dynamic physico-chemical pro-
cesses (Ilyinskaya et al., 2021; Ilyinskaya et al., 2017). One of the key processes is the
transformation of SO2 gas into sulfate PM (SO4) at a rate that depends on multiple
parameters including ambient humidity and temperature, solar flux, the availability of
oxidants, and interactions with other PM (Green et al., 2019; Pattantyus et al., 2018).
PM derived from other sources, such as sea spray, anthropogenic activities (e.g. traf-
fic), and wind-blown mineral dust, will also be incorporated into the volcanic plume by
mixing with the background atmosphere (Butwin et al., 2019; Holgate, 2017; Lim et al.,
2012; Tam et al., 2016).

Emissions from past Icelandic fissure eruptions have had significant societal conse-
quences in Iceland and, in larger events, across the northern hemisphere (Schmidt et al.,
2015; Schmidt et al., 2011). They are included in national risk assessments in Iceland
and in the UK (HM Government, 2020). Notable examples of large Icelandic fissure
eruptions in the past are the Laki eruption of 1783 - 1784 (which erupted 14 km3 of
lava and 120 Mt of SO2 over 8 months) and the Holuhraun eruption of 2014 - 2015
(which erupted 1.6 km3 of lava and 9.6 Mt of SO2 over 6 months) (Gıślason et al.,
2015; Ilyinskaya et al., 2017; Schmidt et al., 2015; Schmidt et al., 2011). During the
Holuhraun eruption it was discovered that volcanic emissions could circle back to the
same location, as a chemically mature plume, long after the initial public health ad-
visory had been lifted, exposing the population unexpectedly to volcanic pollutants
(Carlsen et al., 2021a; Ilyinskaya et al., 2017). Population exposure to the Holuhraun
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emissions in Iceland’s capital area was found to be associated with an increase in register-
measured health care utilisation for respiratory disease (Carlsen et al., 2021a; Carlsen
et al., 2021b). Absence of public advisories about the presence of the chemically mature
plume was associated with further increases in visits to primary care medical doctors
and to hospital emergency departments (Carlsen et al., 2021a).

The 2021 Fagradalsfjall eruption, the first Icelandic fissure eruption since Holuhraun,
presented a unique opportunity to advance our understanding of the intensity and spread
of volcanic air pollution in populated areas (in Iceland, and potentially elsewhere) for
the four main reasons listed below. In addition, based on the eruption history of the
Reyjkanes Peninsula where Fagradalsfjall is located, the 2021 eruption could be herald-
ing the start of a decades-to-centuries long eruptive period. Therefore, all investigations
into this eruption may prove useful for risk reduction efforts for years, and generations,
to come.

• This was the first eruption since the 12th and 13th centuries to occur in the most
densely-populated area of Iceland (Pedersen et al., 2021). While the Holuhraun
eruption was 90 - 100 km from the nearest towns and 250 km from the Reykjavík
capital area; the Fagradalsfjall eruption was ≈ 9 km from the township of Grin-
davík and approximately ≈ 30 km from Reykjavík. In addition, the proximity
of the Fagradalsfjall eruption to Reykjavík, and the relatively easy site access,
meant that it received a high number of visitors, totaling ≈ 300,000 individuals
(equivalent to ≈ 80 % of Iceland’s total population, although many visitors were
international tourists and not Icelandic residents). The combination of these fac-
tors meant that the volcanic emissions posed a significant public health hazard
despite the relatively small size of the eruption.

• The eruption was monitored by the densest reference-grade air quality monitoring
network of any in the world (to our knowledge), with 27 stations across Iceland
and 14 stations within 0 - 40 km distance from the eruption site. This allowed in-
vestigation into very fine-scale changes in spatial and temporal air quality impacts
with respect to SO2, and fine PM (PM1, PM2.5, PM10). This is the first time (to
our knowledge) that volcanic emissions have been monitored for PM1 levels using
a reference-grade network.

• During the Holuhraun eruption, 72-hour forecasts of plume dispersion and the
likelihood of ground level SO2 concentrations exceeding air quality thresholds
were produced by the Icelandic Meteorological Office (IMO) using the CALPUFF
dispersion model (Barsotti, 2020). These forecasts enabled public advisories to be
issued and became an important mitigation tool for reducing the impact of vol-
canic air pollution (Barsotti, 2020; Carlsen et al., 2021a). The 2021 Fagradalsfjall
eruption presented a new challenge for forecasting the plume dispersion, and the
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associated ground level air pollution. This was due to a combination of several fac-
tors: a) the unstable local meteorological conditions with frequent changes in wind
direction and speed; b) the relatively small size of the eruption (with 4.82 km2 of
lava and 0.3 to 0.9 Mt of SO2 erupted over 6 months [Pfeffer et al., in prep]), and
c) the close proximity to populated areas, where even a small change in plume
advection conditions resulted in an impact to different parts of the population.

• The availability of an air quality monitoring network with a high spatial resolution
allowed for a novel comparison with plume detection by satellite imagery. Satellite
imagery is an invaluable tool for plume detection in the absence of ground-based
measurements and/or dispersion modelling. The comparison of ground-based and
satellite observations is an important area to be advanced.

We make use of this research opportunity by analysing the following data sets:

(a) High-resolution time-series of SO2 and PM measured by the Icelandic air quality
(AQ) network (27 reference-grade stations and 5 eruption-response stations). We
compare the time-series during the eruption to a background non-eruptive period
to determine the frequency with which air quality thresholds were exceeded due
to advection of volcanic emissions.

(b) Outputs from the CALPUFF plume dispersion model that was used for opera-
tional forecasting of volcanic pollution during the eruption. Ground-level SO2

concentrations predicted by the CALPUFF model are compared to those mea-
sured by the AQ network to examine the effectiveness of the model given the
challenging conditions listed above.

(c) Satellite imagery of SO2 from TROPOMI on the Sentinel-5 Precursor satellite.
We use the satellite imagery as an independent method for detecting the volcanic
plume. In particular, we analyse the frequency with which volcanic plume was
present at ground level when SO2 was detected by satellite in the same location
as an AQ station.

(d) Population count, distribution and demographics to analyse the potential exposure
to volcanic SO2. We combine the plume dispersion calculated by the CALPUFF
model, the air quality measurements, and population data to investigate the num-
ber of people likely exposed to concentrations of SO2 above the Icelandic Directive
(ID) hourly threshold of 350 µg/m3. The number of people within more vulnerable
age groups (≤ 4 and ≥ 65 years of age) are identified, as well as the exposure of
main hospital locations. In a separate analysis, we examine the potential exposure
of visitors to the eruption site.
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4.1.1 Fagradalsfjall eruption

The Fagradalsfjall fissure eruption began on the 19th March 2021 on the Reykjanes
Peninsula in southwest Iceland [Figure 4.2]. The fissure was initially small at approxi-
mately 200 m long, with a lava extrusion rate of 9.5 ± 0.2 m3/s (Pedersen et al., 2021).
In early April five new fissures opened ≈ 1 km to the North-East of the original site
(IMO, 2021c). A total of eight fissures opened in the Fagradalsfjall area but only the
fissure which opened fifth in the sequence remained active over the remainder of the
duration of the eruption period (IMO, 2021e) [Figure 4.1A, B]. From early May, the
eruption began a pulsating activity with lava-fountaining up to 200 m above the ground
during active pulses, and periods of intermittent activity with pauses in the eruption
lasting from several hours to days (Barsotti et al., in prep). On the 17th September 2021
the lava field was estimated to be 4.82 km2 (Pedersen et al., 2021) [Figure 4.1C]. The
SO2 flux from the Fagradalsfjall eruption varied significantly between 2 to 3 kt/day
(IMO, 2021c), with higher flux rates concurrent with more active volcanic pulses, and
the total SO2 emission estimated at 0.3 to 0.9 Mt (Pfeffer et al., in prep). No fresh
extrusion of lava was detected from Fagradalsfjall from the 18th September onwards,
with SO2 out-gassing continuing in very low amounts (IMO, 2021f). Three months after
the last activity this phase of the eruption was officially declared over, while new intru-
sions and eruptions are anticipated to potentially occur for the next century. The lava
flows caused no damage to homes or infrastructure because the eruption occurred in an
unpopulated area and the lava flows were confined within a series of valleys. Above-
background peaks of SO2 and PM air pollutants were detected at air quality stations
throughout the eruption.

Figure 4.1: The Fagradalsfjall eruption, Iceland. (A) View of an eruptive vent with lava
fountaining into an active lava channel. Photo taken on 2nd May 2021. (B) Lava fountaining at
active vent with view of previous vents, inactive at the time of photo capture, in the background.
Photo taken on 5th May 2021. (C) View of the eruption across the fresh lava field (in the
foreground). The volcanic plume is clearly visible from the erupting vent. Photo taken on
10th July 2021. All photos taken by Melissa Pfeffer, IMO.
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4.1.2 Population and background air quality of Iceland

Iceland has a population of ≈ 369,000 people, with the majority of the population
living in the southwest part of the country, in the capital city of Reykjavík and the
surrounding municipalities. There are ≈ 263,000 residents, 71% of the population,
living within 50 km of the Fagradalsfjall eruption site. Of the total population, 6% and
15% of the population are in the potentially more vulnerable age groups of ≤ 4 and ≥ 65
years of age, respectively. Iceland is a Global North country and has low-to-moderate
levels of air pollution with urban traffic and natural dust storms being the two main
pollution sources (Carlsen and Thorsteinsson, 2021). Background concentrations of SO2

during non-eruptive periods in Iceland are generally low (a few µg/m3, Ilyinskaya et al.,
2017), with some rare escalations to higher levels of tens or hundreds of µg/m3 in the
vicinity of aluminium smelters or geothermal power plants. The PM concentrations have
high seasonal variabilities and can reach high levels in both urban and rural areas. In
rural areas, the main source of PM is re-suspended natural dust sourced from highland
deserts, with higher levels in the drier summer seasons (Butwin et al., 2019). In urban
areas, the PM pollution peaks are typically higher in the winter with the main source
being tarmac erosion by studded tyres (Carlsen and Thorsteinsson, 2021).

4.2 Methodology

4.2.1 Time-series of SO2 and PM from air quality instrument network

Air quality (AQ) in municipal areas around Iceland is continuously monitored by reference-
grade instruments managed by the Environmental Agency of Iceland. Most of the moni-
toring stations measure SO2 and several also monitor concentrations of PM1, PM2.5, and
PM10. Specifications of the municipal air quality measurement systems are indicated in
Table 4.1. All the instruments in the municipal air quality network are calibrated every
six months.

Data from the municipal air quality network were obtained from www.airquality.is.
SO2 measurements were downloaded from 25 measurement stations. SO2 data were
downloaded from January 2020 until the 30th September 2021, however some instru-
ments were installed within the time period so the time-series is truncated. PM10

data were obtained from thirteen measurement stations around Iceland, PM2.5 from
seven stations and PM1 were obtained from three stations. PM data were downloaded
from October 2018, where available, to 30th September 2021. The PM pre-eruptive
background time is longer than for SO2 as PM is frequently elevated due to a variety of
natural and man-made sources and is highly variable (Butwin et al., 2019). Background
non-eruptive periods were selected in the data during the same annual dates that the
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2021 Fagradalsfjall eruption occurred to reduce seasonal impacts on the PM concentra-
tion. These periods are referred to as BG1 (19th March 2019 to 18th September 2019)
and BG2 (19th March 2020 to 18th September 2020). Routine calibration peaks were
removed from the data, as were dates when fireworks contributed a significant compo-
nent to atmospheric PM (29th December to 1st January each year, following Ilyinskaya
et al., 2017).

Around the eruption site, the Icelandic Meteorological Office (IMO) installed a net-
work of five eruption-response SO2-monitoring instruments between April to July 2021
to monitor air quality in the near-field (0.6 to 3 km from the eruption) [Table 4.1].
These instruments were installed after the start of the eruption and do not provide pre-
eruption background air quality measurements. This does not affect our interpretation
as SO2 is negligible in Icelandic atmosphere free from volcanic emissions (Ilyinskaya et
al., 2017). Table 4.1 states the manufacturer detection limits of the eruption-response
SO2-monitoring instruments. A recent study has found that low-cost sensors may be
subject to interferences restricting their capability to monitor SO2 in low ppbv concen-
trations (Whitty et al., 2022), but this does not affect our interpretation of measure-
ments recorded at the eruption site where SO2 concentrations were significantly above
detection limits.

SO2 data from the municipal air quality network and the eruption site stations were
processed into hourly averages and the PM1, PM2.5, and PM10 data were processed into
daily-means. Where data was available for both the pre-eruptive and eruptive periods,
two-sample t-tests were applied to test whether the means of the two datasets were
equal to determine if the two periods were significantly different.

We sorted the AQ stations around Iceland into geographic clusters to investigate re-
gional air quality. The defined groups are the eruption site (G1), the Reykjanes Penin-
sula (G2), the capital area of Reykjavík (G3), Southwest Iceland (G4), Hvalfjörður (G5),
East Iceland (G6) and North Iceland (G7) [Figure 4.2]. Within these groups, data were
examined for exceedances of air quality thresholds. For SO2, we used the Icelandic
Directive (ID) hourly threshold of 350 µg/m3 (Icelandic Directive, 2016). For PM10

we used the ID daily-mean threshold of 50 µg/m3 (Icelandic Directive, 2016), and for
PM2.5 we used the World Health Organization (WHO) daily-mean guideline of 15 µg/m3

(WHO, 2021). There were no health thresholds applied for PM1. For SO2, PM2.5, and
PM10, the number of exceedances of health thresholds in the background periods and
during the eruption period were counted. For SO2 measurements in G1 (eruption site)
and G2 (Reykjanes Peninsula), the regional clustering approach did not work due to
high variability in SO2 concentrations recorded across the stations in these regional
groups. The AQ stations within G1 and G2 were therefore treated individually.

Three measurement stations within G3 (Reykjavík area) recorded PM1, PM2.5 and
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Figure 4.2: Distribution of AQ monitoring stations around Iceland. The location of the
Fagradalsfjall eruption is indicated by the red triangle [G1 inset] and eruption-response (ER)
SO2 stations are indicated by yellow stars. Reference-grade AQ monitoring stations have the
following symbols: yellow circles indicate monitoring of SO2, black cross indicates monitoring of
PM10, black X indicates monitoring of PM2.5, black square outline indicates monitoring of PM1.
Monitoring stations are lettered, and time-series of measurements at each station are available
in the Appendix. Kópavogur Dalsmári AQ station, used for point-analysis of the CALPUFF
dispersion model and for determining the frequency of plume grounding from satellite imagery, is
shown by the filled blue octagon. Bústaðavegur AQ station, used for determining contributions
of particle sizes, is shown by the filled blue circle. The basemap shows the topography of Iceland,
sourced from Landmælingar Íslands, the National Land Survey of Iceland. AQ stations are
separated into groups [G1 to G7] defined by their region, with enlarged views of the individual
air quality groups shown in the inset maps. Inset G1/W shows a rose of wind conditions
between 23rd March to 19th September 2021 at the eruption site. Wind directions are shown
as the direction of provenance. Data retrieved from a meteorological station installed close to
the Fagradalsfjall eruption site, providing wind conditions at 4.5 m above ground level.

PM10 size fractions. This provided an opportunity to determine if there were changes
in the relative concentrations of PM of different size fractions in the eruptive period
compared to the pre-eruptive period. PM1 measurements at the three stations were
not available during the BG1 period and were only available during the BG2 period at
the Bústaðavegur AQ station [Figure 4.2]. At Bústaðavegur, the average concentration
of PM1, PM2.5 and PM10 was calculated for the BG2 period and for the eruptive
period. Since PM size modes are cumulative, in that PM10 contains all particles with
diameters below ≤10 µm, the size modes were subtracted from one another to determine
the relative concentrations of particles in the following categories: particles ≤1 µm in
diameter, between 1 - 2.5 µm in diameter and those particles between 2.5 - 10 µm in
diameter. The contributions of these particle size categories to the PM at Bústaðavegur
were determined under the pre-eruptive and eruptive conditions.
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4.2.2 Comparison between different methods of plume identification

The reference-grade SO2 instruments in the municipal AQ network can detect SO2

concentrations with high accuracy even at low levels and therefore provided a reli-
able determination of plume-presence at ground level [Table 4.1]. We compared the
detected SO2 concentrations to results from the CALPUFF plume dispersion model
and satellite Sentinel-5p imagery. We did this for one representative location, the
Kópavogur Dalsmári AQ station in the southern part of the Reykjavík capital area
[Figure 4.2], which was a station intermittently exposed to volcanic SO2 during the
eruption providing a useful comparison site for determining plume presence via means
of multiple independent proxies. The comparison was run over the period 1st April to
31st May 2021.

4.2.2.1 AQ station SO2 measurements

A subset of SO2 time-series measurements from Kópavogur Dalsmári AQ station was
used for this analysis. We selected a five hour sampling window (from 09:30 to 14:30)
each day throughout April and May 2021 [selection of time window explained further
in Section 4.2.2.3]. For a yes/no identification of plume presence we used a cut-off
threshold of 8 µg/m3 as an hourly mean. The background SO2 concentration at Kó-
pavogur Dalsmári from January 2020 to 18th March 2021 was 2 µg/m3 ± 1 µg/m3. We
applied a threshold of 8 µg/m3 in our analysis, several µg/m3 higher than the average
background concentration in order to ensure volcanic SO2 was being detected and addi-
tionally to avoid interference from accidental instrumental noise because not all of the
2021 data had been quality controlled by the operating agency. Where the SO2 con-
centration at any point within the five-hour window was > 8 µg/m3, it was determined
that volcanic plume was present at ground level at Kópavogur Dalsmári AQ station.

4.2.2.2 Plume presence determination by the CALPUFF model

The CALPUFF model was used to simulate the dispersal of the volcanic plume from the
Fagradalsfjall eruption. CALPUFF is an atmospheric dispersion model which predicts
the movement of gas emissions within a 3D computational domain (Barsotti, 2020;
Gıślason et al., 2015; Scire et al., 2000). For the Fagradalsfjall eruption, CALPUFF was
run on a 350 x 250 grid of 87,500 nodes, with a spatial resolution of 2 km. Simulations
were run by the IMO to produce hourly forecasts of SO2 and SO4 concentrations at
ground-level. The emission rate of SO2 input to the model was regularly reviewed
and changed throughout the eruption when DOAS measurements indicated significant
changes in SO2 flux from the eruption. Meteorological forecast data for use in the
CALPUFF model were obtained from the European Centre for Medium-Range Weather
Forecasts (ECMWF) with a resolution of 0.125 degrees (≈ 12 km at the equator). The
model output used for this analysis was the same as was used for operational forecasting
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during the eruption.

The five nodes within 2 km of the Kópavogur Dalsmári AQ station were extracted
from the CALPUFF computational results for a point-analysis with measurements from
the Kópavogur Dalsmári AQ station. We assessed whether the model accurately deter-
mined the presence of volcanic SO2 at ground level. A comparison of the observed SO2

concentrations to the predicted SO2 concentrations was done in a separate part of the
analysis [Section 4.2.3]. We used a critical threshold of 0.5 µg/m3 to determine if the
model indicated the presence of volcanic SO2 at Kópavogur Dalsmári, selected to be
above the uncertainty of the model calculations. The CALPUFF model assumes that
there is no SO2 in the atmosphere which does not come from the volcanic source point,
which is why the lower value of 0.5µg/m3 was used as the critical threshold. When
the SO2 concentration at any point within the five-hour window from the five clos-
est nodes to Kópavogur Dalsmári was >0.5 µg/m3 SO2, volcanic plume was considered
to be present as forecast by the CALPUFF dispersion model at the comparison site.
The CALPUFF model results were further used as the basis for a population exposure
analysis [Section 4.2.3].

4.2.2.3 Plume presence indicated by satellite imagery

Satellite SO2 imagery from TROPOMI on the Sentinel-5 Precursor satellite, hereafter
termed Sentinel-5p, identifies the total atmospheric column amount of SO2 in Dobson
units. It is able to identify the spatial location of the volcanic plume but does not
determine the altitude of the plume, i.e. it does not identify if the plume is at ground
level. Here we assessed the frequency at which the volcanic plume identified by the
satellite imagery was at ground level and therefore measurable by the AQ monitoring
station. For each day during our April-May analysis period the satellite images were
visually inspected and used to determine whether the volcanic plume was in the area
around Kópavogur Dalsmári. Days where the satellite imagery showed plume visibly
moving towards Kópavogur Dalsmári [Figure 4.3] were compared to the SO2 measure-
ments from the AQ station [Section 4.2.2.1]. The overpass of the Sentinel-5p satellite
was around noon each day. A five hour window (from 09:30 to 14:30) each day during
the April-May analysis period was used throughout the comparisons between different
methods of plume identification (including the AQ station SO2 measurements [Sec-
tion 4.2.2.1] and the outputs from the CALPUFF dispersion model, [Section 4.2.2.2])
to allow comparison to the yes/no identification of plume from the satellite imagery.

The satellite detection of SO2 was sensitive to the injection height of the volcanic
plume, and was more effective at identifying the presence of SO2 when the plume was
not beneath meteorological clouds. Images where there was no visible SO2 may have
been due to volcanic plume being obscured by meteorological clouds. Another potential
source of uncertainty was that the satellite images were assessed by visual inspection.
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Nevertheless, this method is representative of the day-to-day efforts to use satellite im-
agery to guide community hazard assessment during an eruption such as Fagradalsfjall.

Figure 4.3: Examples of Sentinel-5p satellite imagery. The red triangle indicates the location
of the Fagradalsfjall eruption, the green star indicates the location of Kópavogur Dalsmári AQ
station. The colour scale indicates the relative column amount of SO2 in Dobson units, with
red colours indicating a high column amount of SO2 (0.01 mol m-2) and blue colours indicating
a low column amount of SO2. (A) Image capture on the 21st May 2021 where the SO2 in the
atmospheric column is being dispersed to the south from the eruption site and is likely not at
Kópavogur Dalsmári AQ station. (B) Image capture on the 19th May 2021 where the SO2 in
the atmospheric column is being dispersed to the north from the eruption site and is likely at
Kópavogur Dalsmári AQ station.

4.2.3 Population exposure analysis

4.2.3.1 Populated areas

The CALPUFF probabilistic model was used to determine which areas of Iceland were
likely to have been exposed to SO2 concentrations above 350 µg/m3, which is the Ice-
landic Directive hourly threshold. The CALPUFF model output between the start of
the eruption (19thMarch) and the 23rd March was not used in this analysis as the res-
olution was set at 4 km; following the 23rd March the resolution was raised to 2 km.
The CALPUFF model results for the number of times on an hourly basis that the fore-
cast concentration exceeded 350 µg/m3 from 23rd March until 18th September 2021 at
each model grid point were counted. Over the same time-period, the number of events
when SO2 exceeded 350 µg/m3 at air quality stations within 70 km of the eruption site
were counted. Only those AQ stations within 70 km of the eruption site were used for
the comparison between the predicted and observed number of exceedance events as
the CALPUFF model forecast the exceedances above threshold levels would predomi-
nantly occur within this region. Those AQ stations within 70 km of the eruption site
which were not in operation for more than 20% of the time between 23rd March and
18th September 2021 were removed from the comparison with the CALPUFF model.
The CALPUFF model was found to overestimate by 7 times the frequency at which the
AQ stations were observing exceedance events where SO2 concentrations were above
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350 µg/m3. An analysis was made to determine how to scale the CALPUFF model
results so that they fit the measurements from the AQ stations better. It was found
that the CALPUFF model forecasts for 700 µg/m3 and 800µg/m3 compared best to
station measurements of the number of exceedances above 350 µg/m3 [Figure 4.4]. Here
we use the CALPUFF probability output with an 800 µg/m3 threshold to determine the
predicted number of exceedances above 350 µg/m3 hourly concentrations of SO2 across
Iceland.

We calculated potential population exposure to SO2 from the eruption by GIS anal-
ysis of the population distribution, overlain by the CALPUFF 800 µg/m3 exceedance
frequency map. Data on the Icelandic population in the year 2020 were obtained from
Statistics Iceland and were considered representative for 2021. Population data were
obtained for each municipality of Iceland, both the total municipality population as
well as population by age demographics. Within ArcGIS ArcMap 10.6, a GIS shapefile
was uploaded with the Icelandic municipality population statistics and used to create a
spatial determination of population distribution across the nation. For the purposes of
the population exposure analysis, the very large municipalities of Reykjavík and Haf-
narfjörður, which are extremely heterogeneous in terms of population distribution, were
each split into two distinct re-designated zones. This was to account for densely pop-
ulated areas of the Reykjavík and Hafnarfjörður municipalities which were exposed to
significantly lower predicted SO2 concentrations than other sparsely populated zones.
The municipality of Reykjavík was re-designated as North Reykjavík and South Reyk-
javík, and the relative populations of each were determined using population data from
WorldPop at a 100 m resolution for the year 2020 (WorldPop, 2021). The munici-
pality of Hafnarfjörður was likewise re-designated as North Hafnarfjörður and South
Hafnarfjörður, and the relative populations were determined in the same manner.

In ArcMap 10.6 the municipality population shapefile was overlain by the CALPUFF
800 µg/m3 exceedance frequency grid. The intersect tool was used to determine which
CALPUFF nodes where located within each municipality of Iceland. The CALPUFF
nodes within each municipality were collated using the summarise tool and the at-
tributes were extracted, allowing analysis of the number of exceedance events that the
CALPUFF model predicted for each municipality. This then provided an estimate of
the numbers of people across the Icelandic municipalities who may have been exposed
to concentrations of SO2 exceeding the ID 350 µg/m3 hourly threshold.

Demographics within the population of each municipality were used to determine
the numbers of people of different ages who were predicted to be exposed to SO2 con-
centrations exceeding the ID hourly threshold. Those people aged ≤ 4 years and those
aged ≥ 65 years were considered to be in the potentially more vulnerable categories
and their exposure to above-threshold levels of SO2 was also investigated. Across Ice-
land the locations of main hospitals were identified to allow investigation of additional
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Figure 4.4: Re-scaling of the CALPUFF frequency model. (A) Map of instances that SO2
exceeds an 800 µg/m3 threshold in the CALPUFF model, which is scaled to translate to ex-
ceeding the ID 350 µg/m3 threshold in measurements at AQ stations. Colour scale indicates
the number of times that the scaled CALPUFF results predict SO2 will exceed 350 µg/m3. The
eruption location is marked by the black triangle and AQ stations used in the re-scaling process
are marked by red stars, with the number of observed exceedances above 350 µg/m3 at each
AQ station noted. (Ai) Enlarged view of the G3 stations in the Reykjavík area. (Aii) Location
of the CALPUFF rescaling analysis area. (B) Comparison between the number of exceedances
above 800 µg/m3 in the CALPUFF model results (y axis) and the number of exceedances above
350 µg/m3 as observed at the AQ stations (x axis). The trend is indicated by the solid red line,
the black dashed line indicates a 1:1 ratio line. (A;B) The CALPUFF model results and the
air quality network observations both cover the eruption period of 23rd March to 18th Septem-
ber 2021.

potentially vulnerable individuals (due to pre-existing illnesses).

The population exposure analysis was done at the municipality level. This is spa-
tially coarse with potential for both under and over estimation. For each area demar-
cated as a municipality (with two areas each for Reykjavík and Hafnarfjörður) we calcu-
late from the CALPUFF model the number of times that SO2 exceeded the ID hourly
threshold of 350 µg/m3 (using the model results for 800 µg/m3 as described above) over
the course of the eruption. This gives an indication of the number of times that people
living in the municipality may have been exposed to hourly SO2 concentrations above
350 µg/m3 but does not precisely determine this. This method does not account for
variations in population exposure related to movement of the population outside their
area of residence, nor does it account for any other sort of exposure reduction measures
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that individuals may have taken. With respect to the more vulnerable age categories,
potential exposure in the > 65 age group may have been limited by vulnerable individ-
uals remaining indoors. Conversely, in Iceland it is common practice for young infants
to be left outdoors to sleep during the day, and so the vulnerable category < 4 years of
age may have had a higher potential exposure.

4.2.3.2 Visitors to the eruption site

The number of people visiting the eruption site peaked at ≈ 6,000 per day and totalled
≈ 300,000 individuals. A considerable effort was made by the national and local au-
thorities to minimise the risk from volcanic and general outdoor hazards. Visitors were
recommended to remain upwind of the eruptive vents, as SO2 concentrations at the
eruption site frequently exceeded the ID threshold (IMO, 2021d). A network of three
footpaths was developed, starting at designated parking areas approximately 6 km from
the town of Grindavík on the southern coastline of the Reykjanes Peninsula and leading
towards the eruption and lava flows. The eruption site footpaths were installed over
the course of the eruption period as the lava field expanded and new areas providing
views of the volcanic activity were opened up. On the 24th March, the Icelandic Tourist
Board installed three automatic footpath counters, one on each footpath leading to the
eruption site and viewpoints. The automatic counters were PYRO-Box (Eco-Counter,
Canada) with an accuracy of 95% and a sensing capacity of 4 m in both directions
(Eco Counter, 2021). Although the vast majority of visitors used the footpath net-
work to reach the eruption site and viewpoints, some walked outside the bounds of the
Eco-Counter instrument range and so were not counted. There were also a number of
people who landed at the eruption site on helicopter sightseeing tours and would not
have been counted. Children who were carried along paths and those travelling by ve-
hicle, including scientists and rescue teams, were also not counted. The visitor numbers
used here are therefore a minimum estimate. The numbers of visitors to the site does
not include details of the age demographics and, as such, no identification of exposure
of more-vulnerable age categories could be determined.

The analysis of potential population exposure to hourly SO2 above 350 µg/m3 at
the eruption site was done by combining analysis of measurements of SO2 from the
five eruption-response monitoring stations installed by IMO, and site visitor data. The
CALPUFF dispersion model was not used for this purpose as the model resolution is
too low to adequately determine variability in SO2 concentrations within the area in
proximity (< 3 km) to the eruption location.
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4.3 Results

4.3.1 Volcanic impact on SO2 concentrations

Three out of four regional groups of AQ stations where pre-eruptive background data
were available recorded statistically significant differences in concentrations of SO2

between the eruptive and pre-eruptive periods. These include G3 (Reykjavík), G5
(Hvalfjörður) and G6 (East Iceland). The G7 measurement group (North Iceland)
showed an insignificant difference between the average SO2 concentrations during the
pre-eruptive and eruptive periods but did have a higher maximum hourly value during
the eruption, as detailed below [Figure 4.7]. The Icelandic Directive SO2 air quality
threshold of 350 µg/m3 as an hourly mean was exceeded at the eruption site, and in
different populated areas on multiple occasions, as detailed below. The ID specifies that
the hourly SO2 threshold of 350 µg/m3 should not be exceeded more than 24 times per
year; this guideline was also exceeded at several locations. Below we discuss the SO2

levels in the different regions (G1 to G7), starting with the eruption site and moving
progressively further away.

The area in the immediate vicinity of the eruption site (Group 1, between 0.6 and 3 km
from the active craters) was subjected to the most frequent and the highest escalations
of SO2 [Figure 4.2]. Across the G1 stations there were a total of 1,445 exceedance events
recorded, with Station A (the closest to the eruption site) individually recording 1,372
threshold exceedance events [Figure 4.5]. Station A also recorded the maximum concen-
tration of hourly SO2 over the eruption period, at 17,820 µg/m3 [Figure 4.7A]. Following
Station A, the next highest frequency of threshold exceedances were at Stations C and
D, which were located 0.9 km to the north-west and 1.5 km to the north of the eruptive
vents, respectively [Figure 4.5]. The hazard posed by these high concentrations was to
the site visitors as there are no settlements within these distances.

In the populated areas across Iceland further away from the eruption site (G2 - G7,
[Figure 4.2]), the SO2 concentrations were highly variable both spatially and temporally.
The Reykjanes Peninsula (G2, with a population of 29,000 residents across the munici-
palities in the region) recorded the highest frequency of threshold exceedances from the
municipal AQ stations, with a total of 52 instances of SO2 hourly concentrations ex-
ceeding the ID threshold [Figure 4.7A]. The maximum number of threshold exceedances
was recorded at G2 Station E (25 instances), and there was an average of 9 instances of
threshold exceedance across the six G2 stations [Figure 4.6]. The maximum hourly SO2

concentration recorded in G2 was 1,070 µg/m3, recorded at Station E. The towns to the
northwest of the eruption site, particularly G2 Stations E and F at 12 -14 km distance
from the eruption [Figure 4.6], were subjected to more frequent and more intense SO2

pollution than the towns to the west and southwest (G2 Stations A and B, Figure 4.6).
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Figure 4.5: Individual station results from the eruption-response AQ network in G1. (A)
Map of the G1 eruption-response SO2 stations where station locations are indicated by the
orange circles, with the red triangle indicating the eruption location. The basemap shows the
topography of the area. (B) The range in hourly SO2 measurements at each AQ station within
G1. (C) The frequency of each station in G1 recording SO2 hourly concentrations exceeding the
ID hourly threshold of 350 µg/m3. The installation dates of the G1 eruption-response stations
are as follows: A) 07/04/2021; B) 17/05/2021; C) 21/06/2021; D) 21/06/2021; E) 29/06/2021.
Note the logarithmic y axis scale in (B) and (C). Note that for some stations the maximum
hourly-mean SO2 concentrations greatly exceeded the statistical distribution shown here, this
is shown on Figure 4.7.

For instance, G2 Station E (14 km from the eruption) recorded 25 instances of threshold
exceedances [Figure 4.6] and a maximum hourly-average of 1,070 µg/m3 [Figure 4.7A],
while station G2-A (9 km from the eruption) recorded 1 instance of threshold exceedance
[Figure 4.6] and a maximum hourly-average of 440µg/m3, despite being closer to the
eruption.

The Reykjavík capital area (G3, 20 to 35 km from the eruption site, Figure 4.2)
recorded the second highest impact on SO2 levels out of the populated areas. The Reyk-
javík capital area had a total of 25 instances of threshold exceedances [Figure 4.7B],
with the highest hourly-mean SO2 concentration of 750 µg/m3 (compared to a maxi-
mum hourly concentration of 60 µg/m3 and no threshold exceedances in the background
period) [Figure 4.7A]. During the eruption period there were a maximum of 9 thresh-
old exceedance events recorded by an individual SO2 AQ station, with an average of 4
threshold exceedance events across the six G3 AQ stations.

The air quality network of two stations in G4 (Southwest Iceland, 45 to 55 km from
the eruption) and three stations in G5 (Hvalfjörður, 55 to 60 km from the eruption)
recorded AQ threshold exceedances events 21 and 14 times, respectively [Figure 4.7B]. In
the pre-eruptive period the G5 AQ stations recorded 1 event where SO2 concentrations
exceeded the ID threshold. Maximum hourly SO2 concentrations in G4 and G5 during
the eruption period (2,380 µg/m3 and 860 µg/m3, respectively) exceeded those in the
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Figure 4.6: Individual station results from the AQ network in G2. (A) Map of the G2 AQ
SO2 stations where station locations are indicated by the orange circles, with the red triangle
indicating the eruption location. The basemap shows the topography of the area. (B) The range
in hourly SO2 measurements at each AQ station within G2. (C) The frequency of each station
in G2 recording SO2 hourly concentrations exceeding the ID hourly threshold of 350 µg/m3.
Note that for some stations the maximum hourly-mean SO2 concentrations greatly exceeded
the statistical distribution shown here, this is shown on Figure 4.7.

pre-eruptive period (10 µg/m3 and 440 µg/m3, respectively).

G6 in the far East of Iceland (> 400 km from the eruption site, Figure 4.2) recorded
1 event where SO2 concentrations exceeded the AQ threshold, with a maximum hourly
SO2 concentration of 440 µg/m3 during the eruption, compared to 360µg/m3 in the
pre-eruptive period.

G7 in the North of Iceland (between 280 to 340 km from the eruption site, Fig-
ure 4.2) recorded no exceedance events of SO2 above the AQ threshold in either the
pre-eruptive period or during the eruption [Figure 4.7A, B], and the difference in aver-
age concentration was statistically insignificant compared to the background. However,
the maximum hourly-mean during the eruption (150µg/m3) was much higher than in
the pre-eruptive period (50 µg/m3).

4.3.2 Volcanic impact on PM concentrations

PM2.5 and PM10 concentrations were analysed in three regions across Iceland, including
in the capital area of Reykjavík (G3), Hvalfjörður (G5) and North Iceland (G7) [Fig-
ures 4.9 and 4.10, respectively]. PM1 concentrations were analysed across the capital
area of Reykjavík (G3), which was the only area where such measurements were made
[Figure 4.8].

In Reykjavík (G3, seven AQ stations measuring PM, Figure 4.2), PM1 and PM10

concentrations were significantly higher during the eruption compared to the pre-eruptive
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Figure 4.7: SO2 measurements from the air quality network in Iceland. AQ stations are
divided into regional groups as described in Section 4.2.1 and shown in Figure 4.2. (A) Time-
series of SO2 in regional areas around Iceland. The horizontal black dashed line indicates the
ID SO2 hourly threshold of 350 µg/m3 and the red highlight indicates the 2021 Fagradalsfjall
eruption period. Data presented are hourly averages. Note the changes in y axis. Graphs of
individual station SO2 measurements are available in the Appendix. (B) Exceedances of the
ID SO2 hourly threshold of 350 µg/m3 during the pre-eruptive period and during the eruption.
Bars represent the average number of exceedance events across the measurement group, with
the error bars indicating one standard deviation from the average. Note that no pre-eruptive
SO2 data was available for G1 or G4 stations, and G2 had limited pre-eruptive SO2 data with
only one of six AQ stations in operation prior to the eruption. Note that the G1 y axis is 2
orders of magnitude greater than the y axis for Groups 2-7.
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Figure 4.8: Timeseries of PM1 measurements from the G3 air quality network in Iceland
[Section 4.2.1 and Figure 4.2]. The blue highlight indicates the background period (BG2), the
red highlight indicates the 2021 Fagradalsfjall eruption period. The horizontal black dotted line
indicates the daily average PM1 concentration during BG2, and the horizontal black dashed
line indicates the daily average PM1 concentration during the eruption. Data presented are
daily-means. Graphs of individual station PM measurements are available in the Appendix.

periods (see Section 4.2.1 for definition of background periods). The maximum daily-
mean PM1 concentration was 20 µg/m3 during the eruption compared to 7 µg/m3 in
the BG2 pre-eruptive period [Figure 4.8]. The average PM1 concentration during the
eruption was 3 µg/m3 ± 3 µg/m3 compared to 2 µg/m3 ± 1 µg/m3 during the BG2
per-eruptive period. The maximum PM10 daily-mean concentration during the erup-
tion was 140 µg/m3, which is higher than the maximum daily-mean recorded during
the BG1 and BG2 periods (100 µg/m3) [Figure 4.10]. PM10 exceeded the ID threshold
(50 µg/m3 as a daily-mean) 13 times during the eruption compared to 9.5 threshold
exceedances as an average across the BG1 and BG2 periods [Figure 4.10]. PM2.5 in the
Reykjavík area did not show an overall increase in maximum recorded concentrations
during the eruption (maximum daily-mean of 60 µg/m3 during the eruption relative to
a maximum of 130 µg/m3 recorded across the BG1 and BG2 periods). The average
concentration of PM2.5 during the eruption (6 µg/m3 ± 6 µg/m3) also did not exceed
that in the BG1 and BG2 periods (8 µg/m3 ± 10 µg/m3). During the eruption period
the exceedances above the WHO PM2.5 threshold (15 µg/m3 as a daily-mean) were also
lower than during the pre-eruptive periods, with the maximum number of 65 exceedance
events recorded at a single station during the BG1 period, 21 during the BG2 period
and 32 during the eruption [Figure 4.9].

In the Hvalfjörður region (G5, Figure 4.2), neither the PM2.5 nor PM10 maximum
daily-mean concentrations during the eruption (30 µg/m3 and 60 µg/m3, respectively)
exceeded those in the pre-eruptive period (40 µg/m3 and 60 µg/m3, respectively) [Fig-
ures 4.9A and 4.10A]. The average concentrations of PM2.5 (5 µg/m3 ± 4µg/m3) and
PM10 (7 µg/m3 ± 6µg/m3) during the eruption period were the same as the averages
during the BG1 and BG2 periods. However, PM2.5 exceeded the WHO threshold 9
times during the eruption, relative to an average of 3.5 exceedance events across the
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Figure 4.9: PM2.5 measurements from the air quality network in Iceland. AQ stations are
divided into regional groups as described in Section 4.2.1 and shown in Figure 4.2. (A) Time-
series of PM2.5 in regional areas around Iceland. The horizontal black dashed line indicates the
WHO PM2.5 daily-mean threshold of 15 µg/m3. The blue highlights indicate the background
periods (BG1 and BG2), the red highlight indicates the 2021 Fagradalsfjall eruption period.
Data presented are daily-means. Note the changes in y axis. Graphs of individual station PM
measurements are available in the Appendix. (B) Exceedances of the WHO PM2.5 daily-mean
threshold of 15 µg/m3. Bars represent the average number of exceedance events across the
measurement group, with the error bars indicating one standard deviation from the average.
The average number of events during BG1 and B2 are compared to the total number of events
during the eruption.

BG1 and BG2 periods [Figure 4.9B]. PM10 exceeded the ID threshold on 2 instances
during the eruption, compared to 1 exceedance event across both the BG1 and BG2
periods in this region.

The maximum daily-mean concentration of PM2.5 recorded in the North of Iceland
[G7, Figure 4.2] during the eruptive period was 20 µg/m3, equal to that recorded in
the BG1 and BG2 periods. The maximum recorded daily-mean PM10 in this region
during the eruption (80 µg/m3) did not exceed that recorded in the BG1 and BG2 pe-
riods (90 µg/m3) [Figure 4.10].The average PM2.5 and PM10 concentrations in North
Iceland during the eruption (3 µg/m3 ± 3 µg/m3 and 11 µg/m3 ± 12 µg/m3, respec-
tively) equaled those in the pre-eruptive BG1 and BG2 periods. However, the number
of exceedances above the WHO thresholds for PM2.5 and above the ID threshold for
PM10 during the eruptive period (2 and 9, respectively) exceeded the average exceedance
count during the BG1 and BG2 pre-eruptive periods (1 and 8, respectively) [Figure 4.9B
and Figure 4.10B].
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Figure 4.10: PM10 measurements from the air quality network in Iceland. AQ stations
are divided into regional groups as described in Section 4.2.1 and shown in Figure 4.2. (A)
Timeseries of PM10 in regional areas around Iceland. The horizontal black dashed line indicates
the ID PM10 daily-mean threshold of 50 µg/m3. The blue highlights indicate the background
periods (BG1 and BG2), the red highlight indicates the 2021 Fagradalsfjall eruption period.
Graphs of individual station PM measurements are available in the Appendix. (B) Exceedances
of the ID PM10 daily-mean threshold of 50 µg/m3. Bars represent the average number of
exceedance events across the measurement group, with the error bars indicating one standard
deviation from the average. The average number of events during BG1 and B2 are compared
to the total number of events during the eruption.
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Figure 4.11: Particle size differences between the pre-eruptive period (BG2) and the eruptive
period at Bústaðavegur station in G3. (A): the average PM10 concentration across BG2 and
the eruption, with error bars showing 1 standard deviation. (B): Particle size contribution (%)
for particles ≤ 1 µm in diameter, between 1 - 2.5 µm in diameter and those particles between
2.5 - 10 µm in diameter during BG2 and the eruption at Bústaðavegur station.
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4.3.2.1 Impact on particle size distributions

The results of the particle size analysis at the G3 Bústaðavegur station are displayed
in Figure 4.11. During both the eruptive and BG2 periods, the particulate matter was
mostly comprised of particles sized between 2.5 - 10 µm in diameter [Figure 4.11]. The
concentration of particles ≤ 1 µm in diameter during the eruption and the BG2 periods
were statistically significantly different. The contribution of these particles increased
from 15% in the BG2 period to 22% during the eruption [Figure 4.11]. The percentage
contributions indicated in Figure 4.11 are contributions by mass. It is important to
recognise that larger particles have a higher mass, and that a contribution increase of
smaller particles from 15 to 22 % relates to a significant increase in the number of
these particles. Since PM size groups are cumulative, an increase in particles <1 µm
in diameter during the eruption would lead to increases in the concentrations of PM2.5

and PM10, as seen in Figures 4.9 and 4.10.

4.3.3 Detection of plume by different methods

4.3.3.1 Capability of CALPUFF dispersion model

Measurements of SO2 at Kópavogur Dalsmári AQ station [Figure 4.2] were compared
to the output of the CALPUFF dispersion model for the same location to assess the
model’s capability to forecast the presence of volcanic SO2 at ground level (comparison
period of 1st April to 31st May 2021). The plume was considered to be forecast when
the SO2 concentrations exceeded 0.5µg/m3 in the model output. The model output
had a very high rate of true positives and true negatives [Figure 4.12A]. False positives
(where the plume was not measured at the Kópavogur Dalsmári AQ station but plume
presence was forecast by the CALPUFF model) and false negatives (where the plume
was measured at the Kópavogur Dalsmári AQ station but plume presence was not
forecast by the CALPUFF model) were only 20% and 21%, respectively [Figure 4.12A].

4.3.3.2 SO2 measurements compared to satellite imagery

Visual analysis of satellite imagery of the SO2 column were compared to SO2 measure-
ments at the Kópavogur Dalsmári AQ station to assess how frequently the volcanic
plume was grounding on days when it was present in the atmospheric column at this lo-
cation. From satellite imagery we identified 11 days (between 1st April to 31st May 2021)
when the volcanic SO2 was in the atmospheric column near the AQ station. Out of
the 11 days, the plume was grounding for 36% of the time [Figure 4.12B] as identified
by SO2 concentrations ≥ 8 µg/m3 measured by the AQ station. The remaining 64%
of the time, the plume did not ground and the SO2 very likely remained higher in the
atmospheric column [Figure 4.12B].
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Figure 4.12: (A) Comparison between AQ station SO2 measurements and CALPUFF pre-
dicted SO2 data for Kópavogur Dalsmári. AQ measurements are split into "Observed" and "Not
Observed" categories, and CALPUFF data are split into "Predicted" and "Not Predicted" cat-
egories. Percentages are calculated according to the AQ observations. (B) Comparison between
AQ station SO2 measurements and satellite SO2 imagery. Data were used to indicate whether
the SO2 observed in the satellite imagery grounded to be measurable at Kópavogur Dalsmári.

4.3.4 Exposure of the general population

4.3.4.1 Accuracy of the CALPUFF model for predicting number of SO2

threshold exceedances

The CALPUFF model was used to calculate the number of events when ground-level
SO2 concentrations exceeded the ID hourly threshold of 350 µg/m3 over the course of the
eruption across Iceland [Figure 4.13C]. The model result was compared to the number
of exceedances observed by AQ stations within 70 km of the eruption site in order to
verify and rescale the model output [Section 4.2.3]. The CALPUFF model was found
to generally overestimate the ground-level SO2 concentrations, resulting in a higher
number of predicted threshold-exceedance events compared to the observed events (by
a factor of 7). The best agreement was found between the number of observed events
> 350 µg/m3 and the number of model-forecast events > 800 µg/m3 (R2 = 0.65). The
model output for the number of events > 800 µg/m3 was therefore used in the rest
of this analysis as the best estimate for the number of events > 350 µg/m3 (hereafter
termed as "rescaled model output"). The rescaled model output was found to predict
concentrations of SO2 more accurately for proximal sites (≤ 15 km from the eruption)
than for more distal sites (> 15 km from the eruption) [Figure 4.4].
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4.3.4.2 Population exposure to SO2 above the ID air quality threshold

Municipality level population data [Figure 4.13A] was combined with the CALPUFF
rescaled model output to determine numbers of individuals likely exposed to above-
threshold SO2 concentrations (> 350 µg/m3) for the total population [Figure 4.13D]
and for more vulnerable subgroups [Figure 4.13E]. While the CALPUFF rescaled model
output was used as the main method for calculating and displaying the population ex-
posure [Figure 4.13], we highlight any significant differences between the rescaled model
output and AQ observations where this was likely to affect the population exposure.

The CALPUFF model forecast that population exposure to above-threshold concen-
trations of SO2 would predominantly occur within a 20 km radius of the volcanic erup-
tion site [Figure 4.13C]. The population exposure analysis showed that 47,000 Icelandic
residents (≈ 13% of the total population) were potentially exposed to concentrations
of SO2 exceeding the hourly ID threshold for more than 24-times during the eruption
[Figure 4.13D], thereby exceeding the recommendation for the number of annual ex-
ceedances (Icelandic Directive, 2016). Of those, ≈ 8,500 residents (≈ 2.2 of the total
population) were in the more vulnerable age categories of ≤ 4 years and ≥ 65 years of
age [Figure 4.13E]. Within the population exposed to above-threshold SO2 concentra-
tions ≥ 24 times, the CALPUFF model indicated that ≈ 5,500 residents (1.5% of the
population) may have been exposed to > 44 events were SO2 concentrations exceeded
the ID threshold [Figure 4.13C]. Of those exposed to more than 44 above-threshold
events, ≈ 1,000 (0.2% of the total population) were in the more vulnerable age cate-
gories [Figure 4.13E].

The CALPUFF rescaled model output predicted a region of likely exposure in
the North Reykjavík municipality, approximately 50 km from the eruption site [Fig-
ure 4.13C]. We interpret that the increased likelihood of exposure in this region is due
to its higher elevation (800 m a.s.l.) which can intercept a lofted eruption cloud. How-
ever, there are no AQ stations within this region to confirm whether SO2 concentrations
frequently exceeded the ID threshold. With the exception of the forecast increased ex-
posure in the North Reykjavík municipality, at distances ≥ 20 km from the eruption site
the CALPUFF model largely forecast 1 or fewer events where SO2 concentrations would
exceed the ID threshold [Figure 4.13C]. In the Reykjavík capital area (G3, 20 to 35 km
from the eruption, with a population of ≈ 210,000), the rescaled model output was
not sufficiently accurate at predicting the number of SO2 exceedance events. Using the
AQ observations instead of the model, the residents of the densely-populated capital
area were exposed to between 0 and 9 threshold exceedance events. The capital area
has a high density of individuals in the more-vulnerable age groups [Figure 4.13B], and
these individuals were potentially exposed to up to 9 events where SO2 concentrations
exceeded threshold levels as observed by the AQ stations in G3.
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Of the 18 main hospitals identified in our analysis across Iceland, the hospital clos-
est to the eruption site (20 km away) was located in a municipality which was exposed
to above-threshold SO2 concentrations on more than 24 occasions, as observed by AQ
stations and predicted by the rescaled CALPUFF model output. However, the location
of the hospital itself was in an area of the municipality where the rescaled model output
predicted that exposure to above-threshold SO2 concentrations would occur only once
during the eruption. The nearest AQ station to this hospital (≈ 1 km distance) recorded
2 instances where SO2 concentrations exceeded the ID threshold during the eruption.
The remainder of the main Icelandic hospitals were located in regions predicted to expe-
rience only one event where SO2 concentrations exceeded threshold values. As discussed
previously, AQ stations within the capital area of Reykjavík observed a maximum of 9
threshold-exceedance events, which may have impacted those vulnerable individuals in
the three hospitals located within the Reykjavík area [Figure 4.13B].

4.3.4.3 Exposure of the visitors to the eruption site

Potential exposure levels of the visitors to the eruption site were assessed using the SO2

measurements from the eruption-response AQ stations in G1 [Section 4.2.3.2]. During
the footpath monitoring period (24th March to 18th September 2021), the site was
visited by ≈ 300,000 people, averaging 1,600 visitors per day. The highest numbers
were recorded in March, with a daily average of 3,300 visitors, and a peak of 6,000
visitors on the 28th March 2021 [Figure 4.14(iv)].

Figure 4.14 shows the location of eruption-response SO2-monitors and footpaths at
the eruption site. Stations A, B and E were in close proximity to the footpath network,
while stations C and D were further afield to the north and northwest of the eruption site.
The five G1 stations recorded variable levels of SO2 [Figure 4.14(ii)] (maximum hourly
SO2 recorded by G1 Station A was 17,820 µg/m3 compared to a maximum of 188 µg/m3

recorded by G1 Station E). Exceedances above the ID threshold of 350 µg/m3 likewise
varied with a maximum exceedance count of 1,372 by G1 Station A but an average of
289 exceedances across the five stations [Figure 4.14(iii)]. Station A, located 0.6 km
from the eruption and 0.5 km from the designated footpath, recorded an average SO2

concentration across the eruption period of 780 µg/m3, twice the concentration that the
ID recommends to be the maximum exposure level. Station A was only accessible to
foot-traffic until it was surrounded by lava on the 4th June 2021, after which time it
was only accessible by helicopter.
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Figure 4.13: (A): Total populations across Iceland at the municipality level. The green
triangle shows the Fagradalsfjall eruption site. Lower right inset shows enlarged view of the
densely populated southwestern part of Iceland, including the Reykjavík capital. Population
data for 2020 from Statistics Iceland. (B): Vulnerable sub-populations (≤ 4 years and ≥ 65
years of age) in each municipality. Green crosses indicate the major hospitals and the green
triangle shows the Fagradalsfjall eruption site. Lower right inset shows enlarged view of the
densely populated southwestern part of Iceland, including the Reykjavík capital. Population
data for 2020 from Statistics Iceland. (C): CALPUFF rescaled output [see Section 4.2.3 for
details] of the number of events when SO2 concentrations exceeded 350 µg/m3 between the
23rd March and the 18th September 2021. The Fagradalsfjall eruption site is shown by the
green triangle. (D): Number of people, based on municipality-level population data, who
the CALPUFF rescaled output forecast would be exposed to above-threshold SO2 exceedance
events (shown as people count and as % of Iceland’s total population). Where the number of
exceedance events varied within one municipality, the maximum number was used. Note the
logarithmic y axis scale. (E): The number of vulnerable people (≤ 4 years and ≥ 65), based
on municipality-level population data, who the CALPUFF rescaled output forecast would be
exposed to above-threshold SO2 exceedance events (shown as people count and as % of Iceland’s
total population). Where the number of exceedance events varied within one municipality, the
maximum number was used. Note the logarithmic y axis scale.
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Figure 4.14: (i) Fagradalsfjall eruption site with public footpath network indicated by red
hatched lines. Blue circles indicate location of eruption-response AQ stations in G1 [Figures
4.2 and 4.5]. (ii) Percentage of measurement time that the G1 AQ stations recorded SO2
concentrations exceeding the ID hourly threshold of 350 µg/m3, note the logarithmic y scale.
(iii) Daily number of visitors to the eruption site, as counted by the Eco-Counter automatic
counters installed on the footpath network [Section 4.2.3.2]. The black hatched line indicates
the daily average visitor count of 1,600. Note that the y scale is in thousands.

4.4 Discussion

The 2021 Fagradalsfjall eruption was the first eruption in ≈ 800 years to occur close to
the most densely-populated area of Iceland, with 71% of the population living within
50 km of the eruption site. It is well known from previous studies that emissions from
basaltic fissure eruptions are rich in PM and SO2 pollutants (Carlsen et al., 2021a;
Gıślason et al., 2015; Ilyinskaya et al., 2017). The 2021 Fagradalsfjall eruption provided
an opportunity for us to track the atmospheric dispersion of these pollutants with
an unprecedented spatial and temporal resolution. We discuss and compare the air
quality impacts of this eruption relative to previous eruptions [Section 4.4.1]. The
availability of the dense AQ network also allowed us to assess the performance of the



§4.4 Discussion 157

CALPUFF dispersion model for operational forecasting of volcanic SO2 [Section 4.4.2];
and to compare the ground-based observations with satellite imagery, a tool with huge
potential for monitoring of remote eruptions [Section 4.4.3]. We also present the first
assessment of population exposure to above-threshold concentrations of volcanic SO2 in
Iceland [Section 4.4.4].

4.4.1 Impacts of volcanic fissure eruptions on air quality

Fagradalsfjall was a relatively small fissure eruption when compared to some of the
recent volcanic events in Iceland and elsewhere (e.g. the 2014 - 2015 Holuhraun eruption
in Iceland; the 2018 Kı̄lauea lower East Rift Zone eruption in Hawai’i). However, its
SO2 emission volume (0.3 - 0.9 Mt) is significant when compared to anthropogenic
emissions, for example, the daily SO2 flux from the Fagradalsfjall eruption equates to
≈ 20 - 50 % of UK total anthropogenic SO2 emissions in 2011 (OECD, 2011). Unlike
country-scale anthropogenic emissions, volcanic pollutants come from a point-source and
therefore have the potential to raise air pollutant levels in downwind areas to higher
concentrations, causing potentially different hazards to human health. In Iceland, SO2

emissions from non-volcanic sources are very small (Ilyinskaya et al., 2017), which makes
the signal of the volcanic contribution even more apparent during periods of volcanic
unrest.

The Fagradalsfjall eruption caused a nationwide impact on air quality around Ice-
land with respect to SO2 and fine PM pollutants. The near-field (G1, ≤ 3 km distance,
Figure 4.5) and far-field (G2-5, ≤ 60 km distance, Figures 4.6 and 4.7) recorded mul-
tiple events where SO2 hourly concentrations exceeded the ID threshold (350 µg/m3 as
an hourly mean). In some locations, the number of events where SO2 concentrations
exceeded threshold levels was greater than the ID annual limit (24 events as an annual
total). Even the very far-field (G6 and G7, > 250 km distance, Figure 4.7) recorded
a lower but measurable impact to air quality. The dense network of reference-grade
AQ SO2 stations allowed us to document very fine-scale variations in the ground-level
dispersion of the volcanic plume and consequent impacts to air quality. The most com-
mon direction of volcanic plume advection was towards the north or north-west from
the eruption site, as shown by Figure 4.2 (G1/W inset), and recorded by the highest
and most-frequent above-threshold concentrations of SO2 at AQ stations situated in
these downwind locations [Figures 4.5, 4.6, 4.7]. However, the frequency and inten-
sity of the SO2 peaks at ground-level varied significantly, even within the predominant
north-northwest direction. A good example of this is the difference between the AQ
station measurements across the Reykjanes Peninsula (G2, Figure 4.6). Stations B-F
are all located to the north and northwest of the eruption site with a maximum of
16 km distance between the furthest apart stations, but there are large differences in
the number of SO2 air quality threshold exceedances between the stations. Stations E
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and F recorded 25 and 20 exceedance events, respectively, while Stations B, C and D
recorded between 0 - 4 exceedance events. This highlights the variability in potential
health burden from volcanic air pollution even from a relatively small eruption, and in
particular when it occurs in close proximity to populated areas.

The eruption also caused a rise in concentrations of fine PM (PM1, PM2.5 and
PM10) compared to the pre-eruption background. Analysis of the impact of the erup-
tion on PM concentrations is more challenging than for SO2 concentrations due to the
high variability in PM sources, both natural and anthropogenic, and the sparser AQ
measurement network for PM. In particular, none of the stations within 20 km of the
eruption site included instrumentation to monitor PM concentrations. In the light of
the high variability of SO2 pollution between AQ stations in this area, it is likely that
PM concentrations were also variable, but this was not captured. Due to data availabil-
ity, the background PM concentrations were based on data from two years preceding
the eruption. Considering the high variability in PM across this period, the confidence
in our conclusions could be improved in future studies with a longer background time-
series that ideally includes 5 - 10 years of non-eruptive PM data. Nevertheless, some
conclusions can be made with reasonable confidence. The average concentration of PM1

in the Reykjavík area increased during the eruption period [Figure 4.8], and the number
of exceedances of ID and WHO thresholds for PM10 and PM2.5 increased across Ice-
land during the eruption with respect to the pre-eruptive periods (with the exception
of PM2.5 in the Reykjavík area) [Figures 4.9 and 4.10]. This national impact on PM
concentrations is remarkable considering the relatively small size of the eruption. There
was also a measurable change in the relative contributions of PM size fractions during
the eruption period in the Reykjavík area, with an increase in the PM1 size fraction
relative to particles > 1 µm in diameter [Figure 4.11]. Air quality thresholds (ID and
WHO) do not yet exist for PM1, but studies unequivocally demonstrate a correlation
between increased concentrations of PM1 and negative health outcomes, though, as yet,
research into the physical impacts of volcanic aerosol are extremely limited (Chen et al.,
2017; Wang et al., 2021; Yang et al., 2018). When sampled at source, volcanic plumes
from fissure eruptions contain a large amount of PM1, but also a substantial proportion
of supramicron PM (Ilyinskaya et al., 2017; Martin et al., 2011; Mason et al., 2021).
The composition of the two size modes is typically very different, with the finer fraction
formed via the conversion of SO2 gas into sulfate particles and the larger supramicron
particles composed of silicate material (i.e. ash, which is found in some small concen-
trations even in typically ash-poor fissure eruptions). The conversion of SO2 gas to
sulfate particles continues for hours and days after emission from the volcanic vents
(Green et al., 2019; Pattantyus et al., 2018), forming new quantities of fine particles
and likely resulting in the elevated concentrations of particles in the PM1 size fraction
observed downwind of the eruption site. The smaller impact of the eruption on the



§4.4 Discussion 159

concentrations of PM2.5 and PM10 compared to the background levels is likely due to
the relatively high levels of particles in these size fractions sourced from traffic and dust
storms (Butwin et al., 2019; Carlsen and Thorsteinsson, 2021).

It is appropriate to compare the air quality impacts from the 2021 Fagradalsfjall
eruption to the 2014 - 2015 Holuhraun eruption, which was the previous most re-
cent volcanic eruption in Iceland and the first Icelandic large fissure eruption since
the 18th Century eruption of Laki. The Holuhraun eruption occurred in a very remote,
uninhabited location, 250 km from the capital area of Reykjavík, and 90 - 100 km from
the nearest town and AQ station. The Holuhraun eruption released a 10 times larger
volume of SO2 than the Fagradalsfjall eruption (9.6 Mt as opposed to 0.3 - 0.9 Mt)
(Pfeffer et al., 2018). This provides an interesting comparison regarding the impacts of
volcanic emissions on air quality when concerned with a relatively small eruption that
is in proximity to population centres, relative to a larger eruption located far away from
settlements. A comparison of the exceedances of the ID hourly SO2 threshold during
the Holuhraun and Fagradalsfjall eruptions at measurement stations around Iceland
is shown in Table 4.2. During the Fagradalsfjall eruption, the ID hourly threshold of
350 µg/m3 was exceeded regularly in proximal locations (≤ 3 km distance), with an av-
erage of 289 threshold-exceedance events across the five eruption-response stations (G1).
Further afield, exceedances of the ID threshold were greatly reduced, with individual
stations recording a maximum of 25 exceedance events at 14 km from the eruption site
[G2, Table 4.2], 9 exceedance events at 35 km from the eruption site [G3, Table 4.2] and
18 exceedance events at 45 km from the eruption site [G4, Table 4.2]. The impact of
the Holuhraun eruption on SO2 concentrations was more far-reaching, predominately
as a result of its significantly higher emission rate. At 100 km from the eruption site,
the monitoring station at Höfn recorded exceedances of SO2 above the ID threshold on
124 instances [Table 4.2]. SO2 concentrations exceeded the ID threshold on 59 instances
in the capital area of Reykjavík, at 250 km away from the eruption source [Table 4.2].
As such, although the Holuhraun eruption was located in a rural area, the enormous
scale of the eruption resulted in far-reaching air quality impacts. Although on a smaller
scale, the relative proximity of the Fagradalsfjall eruption meant that SO2 emissions
could more readily reach inhabited areas, where the dense population resulted in high
numbers of population exposure [Table 4.2]. The proximity and relative ease of access
to the Fagradalsfjall eruption also meant that the eruption site was visited by a huge
number of people who likely exposed themselves to unhealthy concentrations of SO2,
as shown in this study. Note that access to the Holuhraun eruption site was only avail-
able to scientists, journalists and other key staff, which reduced the number of people
potentially impacted.

For the Holuhraun eruption, the number of reference-grade AQ stations was signifi-
cantly smaller than those available to monitor the Fagradalsfjall eruption, in particular
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with respect to SO2 monitors. As shown by our results, significant fluctuations in
volcanic SO2 can occur on finer spatial scales than could have been resolved by such
a sparse network, particularly for those areas within 20 km distance of the eruption.
Arguably, the Holuhraun eruption did not require a dense reference-grade network at
proximal distances from the eruption site as the closest towns were located relatively
far away (≈ 90 - 100 km). However, it is possible that significant pollutant fluctua-
tions occurred in the far-field that were not captured by the network available at the
time. Our results are in good agreement with Crawford et al., 2021 who augmented
the reference-grade network on the Island of Hawai’i during the 2018 LERZ eruption
with low-cost sensors and found a significant improvement in the ability to assess the
population exposure on smaller spatial scales. The instrument cost for reference-grade
stations is very high (≈ £135,000 for one reference-grade station including SO2 and
PM instrumentation, (Whitty et al., 2022)), and they require significant infrastructure,
maintenance and running costs. Use of low-cost sensors to augment a sparse reference-
grade network, such as done by Crawford et al., 2021 and as discussed in Whitty et al.,
2020, can improve the spatial and temporal resolution of AQ measurements and allow
a developed understanding of how the volcanic pollutants are distributed across smaller
localised areas than is often manageable solely by the use of reference-grade stations.
However, as discussed by Whitty et al., 2022, low-cost sensors must be deployed with
due consideration for their limitations and with strategies in place to maximise their
potential and reduce errors in the collected data.
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4.4.2 Performance of operational forecasting for dispersion of volcanic
pollutants

We analysed the capability of the CALPUFF model in forecasting a) the presence or
absence of volcanic SO2 at ground level, and b) the concentration of SO2 at ground
level and the resulting exceedances of the ID SO2 AQ threshold (350 µg/m3 as an
hourly-mean). The CALPUFF model output we analysed was the same as was used
for operational forecasting and release of public advisories during the Fagradalsfjall
eruption. In summary, the CALPUFF model was found to effectively determine when
volcanic SO2 was present at ground level, but the predicted concentrations and threshold
exceedances were much less accurate.

For the determination of plume presence there was a 79% rate of true-positives,
where the CALPUFF model forecast the presence of volcanic SO2 at ground-level within
the set time window (5 hours) of the AQ station at Kópavogur Dalsmári detecting vol-
canic SO2 [Figure 4.12A]. Similarly the CALPUFF model was successful at forecasting
when volcanic SO2 would be absent at the AQ station, with a rate of 80% true-negatives
[Figure 4.12A]. False positives (where SO2 was forecast but not measured at the AQ
station) and false negatives (where the plume was not forecast but was measured by
the AQ station) were only 21% and 20%, respectively [Figure 4.12A].

There were higher levels of uncertainty and error in the CALPUFF model when
it was used to determine the ground-level concentrations of SO2 within 70 km of the
eruption location. Re-scaling of the CALPUFF model to forecast exceedances above
800 µg/m3 correlated better to the AQ network observations of SO2 exceeding 350 µg/m3

[Figure 4.4]. The accuracy of the rescaled model output varied with distance from the
eruption site. It was more accurate in the near-field (≤ 15 km from the eruption), and
less accurate at distances > 15 km, which included the densely-populated capital area
of Reykjavík (20 - 35 km from the eruption). In the Reykjavík area, the number of
SO2 threshold exceedances forecast by the rescaled model output were lower than the
number which were observed at the AQ stations (1 or fewer events forecast, with a
maximum of 9 events observed) [Figure 4.4].

Our results highlight the challenge in achieving accurate simulations of volcanic
plume dispersion, as well as the importance for ongoing research and development in
this area. While the CALPUFF model output in this study was ≈ 80% accurate at
forecasting the absolute presence or absence of volcanic SO2, as determined from a
point-analysis, its performance remains to be improved with respect to forecasting the
exact concentrations of volcanic SO2. Advancing this capability of volcanic dispersion
models is important, not only for its use with respect to forecasting air quality and
health implications, but also for studies investigating the impact of volcanic emissions
on weather and climate.
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4.4.3 Comparison of ground-based observations with satellite imagery

This analysis is a small but important contribution to the understanding of volcanic
plume detection by satellite imagery and the plume’s vertical position in the atmospheric
column. At volcanoes where there are no ground-based observations readily available,
satellite imagery can be the only tool to monitor volcanic eruptions, as was shown
most recently by the 2022 volcanic eruption at Hunga Tonga Hunga Ha’apai. As such,
all comparisons between ground-based and satellite data, as presented here, provide
valuable data points towards understanding the use of satellite imagery for monitoring
of volcanic plumes.

Our analysis of the Sentinel-5p SO2 satellite imagery (using Kópavogur Dalsmári
as our case study location) showed that SO2 in the volcanic plume grounded 36% of
the measurement time [Figure 4.12B]. For the rest of the time the SO2 plume remained
lofted. This result is not directly applicable to other eruptions due to factors including
differences in volcanic activity, SO2 flux and its injection height, as well as the meteo-
rological conditions and local topography. What our results do indicate is that caution
should be implemented when using satellite data to identify the presence of volcanic
SO2 at ground level and the resulting impacts on air quality and health impacts.

4.4.4 Population exposure to above-threshold volcanic SO2 levels

The general population exposure to potentially unhealthy levels of SO2 occurred pre-
dominantly within a 20 km radius of the volcanic eruption site [Figure 4.13C], in the
municipalities on the Reykjanes Peninsula. In this region, ≈ 47,000 residents (≈ 8,500
of which were in more-vulnerable age categories) were forecast to be potentially ex-
posed to SO2 concentrations exceeding health thresholds more than 24 times, which
also exceeds the ID recommended annual level (24 exceedances). It remains to be in-
vestigated whether this high level of exposure to SO2 during the Fagradalsfjall eruption
is translated into measurable health impacts.

The Reykjavík capital area (20 to 35 km from the eruption) experienced up to
9 SO2 threshold exceedances, as recorded by the air quality network. As discussed in
previous sections, the performance of the CALPUFF dispersion model for the number of
exceedances of the ID threshold was sub-optimal in this area. With respect to the likely
public health impacts, it was fortunate that the volcanic pollutants were predominantly
transported to the north and northwest of the eruption site, reducing the number of
SO2 pollution episodes in the densely-populated capital area. The Reykjavík capital
area not only contains most of Iceland’s population (≈ 210,000 residents, 60% of the
total population), but also contains a large number of the major and minor hospitals
hosting some of the most vulnerable individuals due to pre-existing health conditions.

The very high spatial and temporal variability in the SO2 pollution dispersion was
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a confounding factor to our population exposure analysis. We used a municipality-level
population dataset, but as shown by our results the pollutant levels varied significantly
on a much finer scale. The high variability likely results in further uncertainties in the
population analysis. People who spend their working hours at some distance from their
place of residence will likely have been exposed to different levels of volcanic pollution
than is predicted from our analysis. For example, G2 Station A in the township of
Grindavík recorded one event where SO2 concentrations exceeded the ID threshold
[Figure 4.6], but many of the residents of Grindavík work at Keflavik airport which
recorded higher levels of SO2 pollution [Figure 4.6, G2 Station D]. The reverse may
apply for residents of Vogar (Figure 4.6, G2 Station F], many of whom work in the
Reykjavík capital area, which was exposed to fewer events where SO2 concentrations
exceeded the ID threshold. The estimated exposure of children was likely more accurate
than for adults because children tend to go to schools within walking distance or minimal
commuting distance from their homes.

An interesting aspect of the eruption was that even though it took place in an
uninhabited location, the site quickly became akin to a populated area due to the
extremely high number of visitors (≈ 300,000 people over the six months of the eruption,
peaking at 6,000 visitors a day). There was a considerable effort by the national and
local authorities and agencies to reduce the risk posed both by volcanic hazards and also
those from the general outdoor environment. This included the installation of the five
eruption-response AQ stations used in this analysis [G1]. The reason for the installation
of a relatively dense near-field AQ network was that the agencies quickly recognised the
highly variable dispersal pattern of volcanic SO2 in the near-field, as was confirmed
quantitatively by our results [Figure 4.5]. The high variability is a combination of the
volcanic activity as well as local meteorological conditions and the local topography.
Volcanic plumes can, on occasion, collapse and spread laterally as a result of thermal
inversion, causing extremely high concentrations of SO2 even at locations upwind of
the volcanic vent. Our results show that the visitors to the eruption site had a much
higher likelihood of being exposed to above-threshold concentrations of SO2 than the
general population across Iceland as a whole. We note that our estimate of the number
of above-threshold events is likely a worst-case scenario because of the precautionary
measures taken by the agencies. The visitors were clearly advised to remain upwind of
the active craters and the lava field, and the site was staffed by rescue team members
equipped with hand-held gas monitors. Staff members evacuated parts of the eruption
site when SO2 concentrations exceeded threshold levels. Nevertheless, it is likely that at
least some visitors did experience potentially unhealthy levels of SO2. This is supported
by anecdotal reports in the Icelandic media regarding individuals accessing health care
providers after visiting the eruption site, reportedly feeling unwell from the emissions.
The footpath network leading to the eruption viewpoints included an elevation ascent
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of ≈ 200 m, making it likely that visitors were undergoing physical exertion during
periods of time that they were within 3 km of the eruption. High levels of physical
exertion during exposure to air pollution can increase the exposure of the respiratory
system which may result in more significant health impacts (International Volcanic
Health Hazard Network, 2020; Pohl, 1998; Williams-Jones and Rymer, 2015).

4.5 Conclusions

The 2021 Fagradalsfjall eruption in Iceland provided an excellent opportunity to inves-
tigate the impact of a small-scale volcanic eruption on air quality around Iceland and
with respect to nearby densely-populated areas. The Fagradalsfjall eruption was the first
eruption in modern history to occur nearby to the capital area of Reykjavík. The dense
network of reference-grade air quality stations allowed investigation into the spatial and
temporal variations in dispersion of the volcanic pollutants. Air quality with respect
to SO2 concentrations was found to be most severely affected within a 20 km radius
of the volcanic eruption site, with a recorded 45 instances (across two stations) where
SO2 concentrations in the northwest of the Reykjanes Peninsula exceeded the Icelandic
Directive hourly threshold of 350 µg/m3. The six AQ stations across the capital area of
Reykjavík recorded 25 instances of SO2 concentrations exceeding the ID hourly thresh-
old. In the distal measurement stations in East (400 km distance) and North Iceland
(> 280 km distance), air quality impacts were lower but measurable. PM concentra-
tions likewise increased around Iceland during the eruption. Across the measurement
stations in the Reykjavík area, maximum concentrations of PM1 and PM10 increased
with respect to the background pre-eruptive measurement periods. Deployment of five
eruption-response SO2 monitors within 3 km of the eruption site allowed analysis of
emissions at source, and the potential air quality hazard level for the ≈ 300,000 visitors
to the eruption site.

A population exposure analysis with the CALPUFF dispersion model indicated that
47,000 Icelandic residents (≈ 13% of the population) were potentially exposed to concen-
trations of SO2 exceeding the ID hourly threshold on more than 24 occurrences, which
exceeds the ID recommended annual limit. Of those 47,000 residents, 8,500 (≈ 2.2% of
the population) were identified as being in potentially more vulnerable age categories.
Exposure to volcanic SO2 in the capital area of Reykjavík was underestimated by the
CALPUFF model, but AQ stations in the area indicated that there were up to nine
events where SO2 concentrations exceeded the threshold. Such exposure to volcanic
pollutants is likely to have health impacts in those individuals frequently subjected to
above-threshold concentrations of SO2 or PM.

In comparison to the 2014 - 2015 Holuhraun eruption in Iceland, the 2021 Fagradals-
fjall eruption was on a much smaller scale, releasing significantly lower total emissions
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of SO2. However, the eruption’s proximity to densely-populated centres means that
there were high numbers of population exposure to volcanic pollutants. The exposure
was mitigated by the prevailing wind directions during the eruption period, which pre-
dominantly dispersed the volcanic emissions away from the capital area of Reykjavík.
The dense network of reference-grade AQ stations around Iceland, particularly in the
area < 70 km from the eruption site, provided fine-detail information regarding the high
variability in the spatial and temporal air quality during the eruption period.
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Chapter 5

Discussion and Conclusions

This thesis examined the SO2 and particulate air pollution which comes from volcanoes
and is dispersed to downwind areas. These pollutants were measured using a number of
different instruments, techniques and methods. In this Chapter, I critically examine the
methods and outcomes of the previous chapters to discuss future ways of working and
methods by which volcanic air quality monitoring networks can be improved. I discuss
how monitoring networks must maintain a careful balance between the quantity of the
instruments and the quality of data which may be obtained [Section 5.1]. I discuss the
use of low-cost instruments for monitoring of downwind volcanic atmospheric pollutants
and provide recommendations for how these instruments could be more successfully
implemented for this purpose [Section 5.2]. I discuss how low-cost instrument technology
may develop in the future [Section 5.3] and how the accessibility of such instrumentation
to the public must be balanced by careful validation [Section 5.4]. I examine the use of
the CALPUFF plume dispersal model and discuss options to improve the model output
with respect to ground-based observations [Section 5.5]. I discuss how the communities
living in the areas downwind of the volcanoes in this thesis have adapted to living with
volcanic air pollution, and how research can benefit from including local knowledge and
community participation [Section 5.6]. Finally, I indicate directions for future work
[Section 5.7] and conclude [Section 5.8].

5.1 Optimising air quality monitoring networks

The monitoring networks used through Chapters 2, 3 and 4 of this thesis (Kı̄lauea
volcano, Masaya volcano and Fagradalsfjall volcano, respectively) were composed of
various combinations of reference-grade and low-cost instruments. In a scientific ide-
alised case, all regions affected by volcanic air pollutants would have a dense network
of reference-grade instrumentation to accurately and precisely determine the concentra-
tions of volcanic SO2 and particulates that communities may be exposed to. However,
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the reality of the situation is less ideal and many regions downwind of degassing vol-
canoes may have extremely limited air quality monitoring networks, if any at all. In
some cases the lack of reference-grade instrumentation may be a result of limited fi-
nances or infrastructure, making it difficult to determine ways to improve and progress
volcanic pollutant monitoring approaches. In this section, I discuss how we may come
to a compromise between the idealised and realistic monitoring options to maximise the
potential of the instruments available.

When considering reference-grade air quality monitoring networks, Chapters 2 and 4
could be considered representative end-member examples with regard to the quantity
of instruments available in a monitoring network. In Chapter 2, the air quality net-
work across the Island of Hawai‘i had a total of six reference-grade stations, while in
Chapter 4, twenty-five reference-grade stations were available across Iceland during the
2021 Fagradalsfjall eruption. While Iceland has a considerably larger spatial area com-
pared to the Island of Hawai‘i (103,000 km2 compared to 10,400 km2), the number of
reference-grade instruments was particularly dense across the most populated region,
with sixteen reference-grade stations within the 3,000 km2 area closest to the Fagradals-
fjall eruption site [Figure 4.2]. The dense network of reference-grade instruments in this
area of Iceland allowed for a more detailed study of the spatial variations in volcanic
air quality across local scales than has ever, to my knowledge, been achieved for down-
wind volcanic monitoring. This level of spatial analysis was not possible in Chapter 2,
especially in the near-field areas as no instruments were available within 20 km of the
2018 LERZ eruption emission source.

In an idealised scenario, the Island of Hawai‘i would have a similar spatial resolution
of reference-grade instruments to that in Iceland. This would provide higher-resolution
monitoring, allowing for analysis of small-scale spatial variabilities in pollutant concen-
trations and a better determination of the altering ratio of gas to aerosol components.
A network of limited reference-grade stations, such as that in Hawai‘i, may be aug-
mented and improved by installation of a more dense network of low-cost instruments.
In Chapter 2, the community-operated network of PurpleAir instruments worked ef-
fectively to dramatically increase the spatial resolution of measurement points (Whitty
et al., 2020). A similar technique was successfully implemented by Crawford et al.,
2021, also during the 2018 LERZ eruption of Kı̄lauea volcano. As such, high-quality
but limited-quantity reference-grade instruments can be balanced by lower-quality in-
struments in higher numbers to produce a hybrid monitoring approach that balances
financial cost while delivering an impactful monitoring network.

Even in scenarios where reference-grade stations are more numerous, such as in
Iceland, it can be invaluable to install low-cost instruments to create a finer spatial
resolution network than could otherwise be achieved. For example, major hospitals in
the most densely-populated areas of Iceland were frequently between 1 - 2 km from
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the nearest reference-grade station, which restricted the analysis of pollutant exposure
for the most-vulnerable individuals [Section 4.3.4.2]. During the 2021 Fagradalsfjall
eruption, instruments located within 16 km of each other recorded an order of magnitude
difference in the numbers of events where SO2 exceeded health thresholds [Figure 4.6],
indicating that the volcanic pollution fluctuated on small spatial scales. Installation
of low-cost instruments at public buildings such as hospitals, schools and community
centres across Iceland would allow a much finer analysis of pollutant dispersal and the
potential exposure level of residents in their local areas. Low-cost instruments can
therefore be an extremely valuable addition to air quality networks. However, in order
to maximise their potential it is necessary to recognise their limitations and to install
them with consideration of best-practice methods, as outlined in Section 5.2.

When considering air quality monitoring networks for volcanic areas, the availability
of measurement type is as critical as the spatial resolution of the instruments. Wherever
possible, measurements of the concentrations of SO2, PM1, PM2.5 and PM10 should be
recorded in order to allow investigation into the changing ratios between these pollu-
tant types. In Iceland, there were six reference-grade stations monitoring SO2 within
20 km of the volcanic eruption, but the nearest reference-grade station for particulate
monitoring was 22 km away [Figure 4.2]. Similarly in Hawai‘i, SO2 data was not avail-
able at the Mountain View reference-grade station (20 km from the eruption), nor were
PM2.5 measurements available at the Volcano Observatory station (35 km away from
the eruption) [Table 2.1]. Measurement stations which are restricted to recording only
one or two pollutant types limit the analysis that can be achieved, especially in terms
of quantifying the changing gas-aerosol ratio as dispersion from the volcanic emission
progresses with time.

The work in Chapter 4, as far as I am aware, is the first time that fine volcanic
particulates in the PM1 size mode have been monitored by reference-grade instruments
in downwind environments. Volcanic particulate emissions are still relatively poorly
understood in comparison to the emissions of gas species. Volcanic aerosol in ash-poor
eruptions, such as investigated in this thesis, contain a large mass of very fine PM
(<1 µm diameter) when sampled at source (Ilyinskaya et al., 2021; Mason et al., 2021),
but there is currently a limited understanding of whether the ratio of PM size fractions
in volcanic emissions varies as the volcanic plume ages with time and distance from the
volcanic vent. It is also unknown whether volcanic particulates have the same ratio of
PM size fractions to anthropogenic pollution in built-up urban areas, and from factory
and vehicle emissions.

In studies of anthropogenic particulate pollution, fine particulates in the PM1 size
range are particularly of interest as research has demonstrated a correlation between
increased concentrations of PM1 and negative health outcomes (Chen et al., 2017; Wang
et al., 2021; Yang et al., 2018). Research is still required to determine if similar correla-
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tions occur between exposure to volcanic fine particulates and negative health impacts.
PM1 measurements have only recently started being incorporated into reference-grade
air quality networks (the first reference-grade measurements of PM1 in Iceland started
in 2020), but they can provide huge insight into volcanic aerosol emissions and al-
low investigation into the scientific knowledge gaps indicated above. Currently, the
reference-grade air quality network on the Island of Hawai‘i does not monitor PM1

concentrations. During the 2021 Fagradalsfjall eruption, three stations in the Icelandic
network included instrumentation to monitor PM1, though this has now increased to
seven stations. Reference-grade instrument networks could be upgraded in future to
include measurements across the range of pollutants, allowing analysis of particulates
across the size fractions, increasing our knowledge and furthering our scientific under-
standing of these questions. However, in instances were the financial cost of improving
reference-grade networks is a prohibitive factor, low-cost instruments could provide a
potential alternative to augment the reference-grade network, provided that they are
installed and used in line with the recommendations outlined in Section 5.2.

5.2 Recommendations for low-cost air quality instruments

Throughout this thesis, low-cost instruments were used to monitor volcanic air quality,
with varying successes and challenges. It is clear that low-cost air quality instruments
need to be used with careful consideration of their limitations. In particular, they should
be installed and used in ways that reduce any potential sources of error and uncertainty
in their measurements, as well as optimising the advantages of using such low-cost
instruments. In this section, I will discuss practical strategies, methods and supporting
infrastructure that could be used in future studies to improve the robustness of the
low-cost systems for more effective monitoring, with particular focus on monitoring air
quality in downwind volcanic environments.

My first recommendation, and one of the key considerations when using low-cost
air quality instrumentation, is to ensure that the measurement location is away from
potential sources of contaminants. If the purpose of the instrumentation is to measure
volcanic air quality, then it is necessary to install the instrument away from direct
sources of anthropogenic or natural non-volcanic air pollution. Although it is anticipated
that the instrument will measure contaminants beyond the target volcanic pollutants,
if the instrument is placed near to a non-volcanic contaminant source, it is likely that
this will become the dominant signature that the instrument measures (Lewis et al.,
2016; Whitty et al., 2022). In such cases it can become very challenging to identify
and analyse the target pollution from the volcanic source, as it may be masked by the
nearby non-volcanic contaminants. The low-cost AQMesh pod placed at Rigoberto in
the environment downwind from Masaya volcano in Chapter 3 was installed in a location
near to a domestic cook-fire chimney, and this likely resulted in the difficulties with
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identifying particulate volcanic air pollution at this location [Table 3.3]. In contrast, the
PurpleAir instruments installed on the roof of the reference-grade air quality stations in
the environment downwind of Kı̄lauea volcano [Section 2.3.2] were in optimised locations
away from pollution sources and the resulting data correlated well to reference-grade
monitors (Whitty et al., 2020). When installing a low-cost instrument it is therefore
critically important to ensure that the installation site is carefully chosen to minimise
sources of nearby non-target pollution.

Secondly, to ensure that the data from the low-cost instruments is trustworthy and
at a reasonable level of accuracy, I recommend regular in-field calibration checks against
a reference-grade monitor. Most low-cost instruments are calibrated during their manu-
facturing process (Alphasense, 2015a; Alphasense, 2015b; Alphasense, 2021; Plantower,
2016a). However, for calibration to to be most effective and to accurately indicate the
level of instrument bias, the calibration should be completed under the same environ-
mental conditions as the location of instrument installation (AQ-SPEC, 2022a; Bulot
et al., 2019; Clements et al., 2017; Malings et al., 2019). In order for the measure-
ments from the low-cost instruments to be quantified and trusted it is necessary that
they be periodically calibrated and compared to reference-grade instrumentation in the
measuring environment (Bulot et al., 2019; Cross et al., 2017). Regular calibration
checks with reference-grade instrumentation will also identify whether the low-cost in-
strumentation is undergoing measurement drift over time (Roberts et al., 2012; Roberts
et al., 2014). If the level of error on the measurements from the low-cost instruments
can be established by regular in-field calibration checks then the error can be corrected
for and the measurements adjusted to more accurately reflect pollutant concentrations.
This is especially necessary following maintenance of the low-cost stations where sensors
are replaced and re-calibration is important to determine potential inconsistencies in
measurements between individual sensors (Clements et al., 2017; Whitty et al., 2022).
The most effective way to establish these calibration checks is to have one or more per-
manent reference-grade stations under the same volcanic and environmental conditions
as the low-cost instruments [Section 3.4.2]. If the monitoring network is established
in the manner described in Section 5.1 using a combination of low-cost and reference-
grade instrumentation, calibration should be readily accessible via means of periodic
co-location of instrument types across the network. The environmental conditions in
the measurement location should also be monitored by installation of a meteorological
station, periodically reporting accurate measurements of temperature and humidity, al-
lowing for determination of any diurnal drift in measurements from low-cost sensors,
and providing humidity measurements for hygroscopic particle correction [Section 1.5.2]
(Crilley et al., 2020).

In the case of the low-cost instrument network downwind of Masaya volcano, Nicaragua,
there were several challenges which restricted the reliability of the instruments for sus-
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tained measurements over long-term installations. The following recommendations are
towards improving the life-expectancy and durability of low-cost air quality instruments
installed in downwind volcanic environments:

• Instruments can be subject to fast-acting corrosion in downwind volcanic environ-
ments which can damage internal circuit boards, sensors and battery units (Li et
al., 2018). This was found in the environment downwind of Masaya volcano, where
AQMesh pods more frequently exposed to the volcanic plume were found to have
a faster corrosion rate of the metal components (Whitty et al., 2022). This could
potentially be mitigated by shielding critical internal and external metal compo-
nents with protective coatings such as epoxy, solder masks or aerosol sprays to
reduce the effect of the corrosive environment and lengthen the life-expectancy of
individual sensor nodes and hardware (González-Garcıá et al., 2007; Liu et al.,
2009).

• If infrastructure is available, use of mains electricity to power low-cost instruments
is highly beneficial as it reduces the potential for down-time resulting from delays
in charging battery packs (Whitty et al., 2022). In instances were mains power is
not a feasible option, provision of solar panels or a small wind turbine to recharge
batteries may be a possibility.

• In instances where the maintenance requirements of a low-cost network is high,
it is key to have a dedicated team available for the up-keep and maintenance of
the network instruments and system. This necessitates training the staff with the
skills required to repair or replace sensor nodes.

• In the case of the low-cost AQMesh network installed downwind of Masaya vol-
cano, replacement sensors and parts required international shipping, delaying the
up-keep of instruments and extending the offline duration of sensor nodes. These
delays could be significantly reduced if a stockpile of the required materials and
equipment to resolve technical issues and replace broken components was kept in
a location convenient to the network.

My final comment, drawing on the above recommendations, is to caution future re-
searchers with regards to the use of low-cost air quality networks in downwind volcanic
environments. Although the compact size and weight of these instruments is appealing
for deployment in remote or challenging locations, and the low cost of the instruments
is favourable towards constructing a network with a limited financial burden, it is nec-
essary to remember that low-cost sensors may have significant pitfalls with regards to
the accuracy, precision and reliability of their measurements (Clements et al., 2017).
Installing a network of low-cost sensors across a region, or strategic placement of one
sensor in a specific location of interest, is the easy stage of the process. The subsequent
and potentially lengthy duration of data analysis to untangle the data-set, establish the
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level of trust in the reported data and attempt to determine a meaningful conclusion is
a process that must also be recognised and considered. As such, I recommend that low-
cost instruments should not be used as the sole means of air quality measurement. They
are much more suited to supplement a network of reference-grade monitors [Section 5.1].
Under these conditions, the relationship between the reference-grade monitors and the
low-cost instruments can be considered to be symbiotic: the low-cost instruments im-
prove the spatial resolution of the reference-grade network, and the reference-grade
monitors act to validate and confirm the concentrations of pollutants measured by the
low-cost instruments. In such a way, low-cost instruments can be used effectively to
augment a network’s spatial resolution, targeting areas of interest and increasing the
resolution of pollutant measurements over a local to regional area (Crawford et al.,
2021; Whitty et al., 2020). This is particularly beneficial if the measurements from
the low-cost sensors are uploaded in real-time, allowing information dissemination to
exposed communities during periods of volcanic unrest [Section 5.4]. Future research
using low-cost sensors for downwind volcanic monitoring should therefore proceed with
due caution, taking into full consideration the potential limitations of the instrumen-
tation and the recommended use of strategies and selected targeted infrastructure to
maximise the instruments’ potential.

5.3 Future technical development of low-cost instruments

The use of low-cost sensors has rapidly become widespread among the air-quality com-
munity, with relatively inexpensive sensors providing options for user-friendly, off-the-
shelf particulate and gas monitoring. Most low-cost sensors have been introduced rel-
atively recently (first patented at the end of the 20th Century), in comparison to the
more traditional reference-grade methods of air quality monitoring. As such, the low-
cost sensor market is in a near-constant state of flux as new sensor models and versions
are designed, manufactured and released. This dynamic market provides frequent new
opportunities for low-cost sensor networks, especially as further sensor iterations are
commonly smaller and more compact, allowing increased network portability. In this
section I will discuss some of the recent developments in the models of low-cost sensors
used in previous chapters of this thesis. I will also discuss the likely future development
of the low-cost sensor market on a wider scale and highlight some potential benefits and
pitfalls to these developments.

The particulate sensors used in the PurpleAir instruments on the Island of Hawai‘i
during the 2018 LERZ eruption of Kı̄lauea volcano were Plantower PMS5003 sensors
[Section 2.3.2]. Plantower has now released a new version of the sensor, the PMS7003,
which has the same particle size measurement capability (Plantower, 2016b) [Table 5.1].
The main difference between the two sensor models is the product dimensions, with
the PMS7003 being approximately half the width and significantly lighter than the
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PMS5003 (Plantower, 2016a; Plantower, 2022) [Table 5.1]. A recent study by Bulot et
al., 2019 tested the PMS5003 and PMS7003 in an urban outdoor location for 12 months
and found that the two sensor models recorded similar measurement accuracy levels
[Table 5.1]. In the upgraded Plantower model, the sensor housing has been made signif-
icantly more compact, seemingly without compromising the accuracy of the sensor. A
sensor upgrade which maintains instrument accuracy but halves the product dimensions
could be highly useful for monitoring of both volcanic and anthropogenic particulates.
The portability of the PMS7003, and required battery and control units, could allow
personal particulate monitoring for urban or volcanic environments. One potential
application for this could be provision of personal hand-held sensors for tourists and
visitors to volcanic areas, allowing early-warning of poor air quality and the potential
need to evacuate areas.

The low-cost particulate sensor used in the AQMesh pods in the environment down-
wind of Masaya volcano in Chapter 3 of this thesis was the OPC-N2 instrument, pro-
duced by Alphasense Ltd. In 2018, Alphasense released the OPC-N3, an updated
version of the OPC-N2 (Alphasense, 2018). The two instruments are identical in terms
of structure, size and weight, and the main difference in the upgraded model is the
capability to monitor a wider range of particle size diameters [Table 5.1]. The OPC-N3
also features an increased number of measurement bins, 24 bins increased from 16 in
the OPC-N2, allowing an enhanced investigation of particle sizes (Alphasense, 2015a;
Alphasense, 2015b).

AQ-SPEC, 2022a compared both Alphasense OPC models to a reference-grade
GRIMM particulate monitor in an outdoor urban environment. They found that the
OPC-N3 had a better accuracy rating for fine particles in the PM1 size range, but
the OPC-N2 was more accurate for measuring PM2.5 particles (AQ-SPEC, 2022b; AQ-
SPEC, 2022c) [Table 5.1]. In this instance, the improved accuracy rating of the OPC-
N3 with respect to finer PM1 particles is beneficial for monitoring of volcanic pollution,
which contain a large proportion of finer particles (Chapter 4, Ilyinskaya et al. 2021;
Mason et al. 2021). However, these co-location evaluations illustrate that successive
iterations of low-cost sensors may not always result in improved measurement accuracy
across the sensor range. This highlights the necessity for all low-cost sensors, including
iterated versions of the same model, to be carefully analysed and assessed to determine
their measurement accuracy and their suitability for air quality monitoring. Following
the release of the OPC-N3, the OPC-N2 version has been phased out of commercial
sales and is no longer available for purchase from Alphasense Ltd. Although this is
beneficial in that air quality studies using particle sensors from Alphasense are now
recording measurements on the upgraded OPC-N3, it also means that previous studies
of air quality using the OPC-N2 version cannot be replicated.
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In Chapters 3 and 4 of this thesis, the low-cost SO2 electrochemical sensors used in
the environments downwind of Masaya volcano and Fagradalsfjall volcano were SO2-B4
sensors manufactured by Alphasense Ltd [Sections 3.2.1 and 4.2.1]. These sensors have
been frequently used in both urban and volcanic air quality monitoring networks with
reasonable levels of measurement accuracy (Mead et al., 2013; Roberts et al., 2012;
Roberts et al., 2017; Shinohara, 2005). Alphasense Ltd have recently released a new
model of SO2 electrochemical sensors, the SO2-D4 series, which is significantly smaller
and lighter than the SO2-B4 series [Table 5.2]. The response time, the time in which
the sensor is able to detect concentrations of SO2, is also massively improved on the
new SO2-D4 model [Table 5.2] (Alphasense, 2022). The reduction in response time is
an extremely valuable improvement to the sensor capabilities as it allows short-term
spikes in pollutant concentrations to be identified. Additionally, in low-cost instrument
systems which monitor both PM and SO2, such as the AQMesh pods used in Chapter 3,
it is beneficial for sensors to have similar response times to reduce lag in the measure-
ments of different pollutant types, and the necessary subsequent data processing. The
OPC-N2 in the AQMesh pods have a nearly instantaneous response time (as a benefit of
the optical particle operating system), and the significant reduction in response time of
the SO2-D4 would improve the measurement capabilities of AQMesh pods and similar
multi-pollutant monitoring systems. No research, as far as I am aware, has yet inves-
tigated the accuracy of the SO2-D4 with respect to the SO2-B4 and a reference-grade
SO2 monitor. However, the specifications of the SO2-D4 indicate that the sensor has a
much lower overgas limit compared to the larger SO2-B4 model [Table 5.2], indicating
that the model will be unable to cope with concentrations of SO2 exceeding 50 ppm
(Alphasense, 2022). This is not likely to be an issue in downwind volcanic environments,
where SO2 concentrations rarely exceed 1 ppm (Delmelle et al., 2002; Ilyinskaya et al.,
2017b; Whitty et al., 2020), but would be a potential concern if the SO2-D4 was used
for near-vent volcanic gas monitoring.

These examples of sensor development follow a continuing trend across the wider
low-cost instrument market, where the specifications of the instruments are continually
being improved towards a wider range of measurement possibilities and more compact
instrument dimensions (Clements et al., 2017; Robinson et al., 2018). The improved
portability of low-cost instruments lends itself to a wider accessibility for monitoring
networks, both in terms of remote and difficult locations for downwind volcanic moni-
toring, and for the option of personalised air quality monitoring in urban and volcanic
environments (Robinson et al., 2018). The widening scope of pollutant monitoring ca-
pabilities, such as with the OPC-N3, increases the potential uses for instruments in the
air quality monitoring community. Reduced response times, as shown with the SO2-D4
series, improves the ability of the low-cost instruments to report spikes in pollutant
levels.
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These instrument improvements bring massive potential benefits to the use of low-
cost air quality sensors and illustrate how their design and implementation may be
taken forward in future years. However, the downside of such a dynamic instrument
market which rapidly produces new instruments is that the research and evaluation of
new sensors lags behind the market. When low-cost sensors are installed in a monitoring
environment without a robust analysis of their ability to effectively monitor pollutant
concentrations, the credibility of the recorded data is significantly undermined (Cross
et al., 2017). It is therefore crucial that, as the low-cost sensor market develops, research
and analysis of new sensors is carefully and meticulously carried out (Clements et al.,
2017; Rai et al., 2017). End-users of low-cost sensors should be rigorous in researching
the capability and effectiveness of sensors, and should choose sensors with the best
monitoring ability for their study, even if that involves using a previous version which
has undergone more vigorous evaluations.

5.4 Application of low-cost instruments

Low-cost air quality instruments, as well as becoming widespread among the scientific re-
search community, are also becoming popular with non-scientific community groups and
members of the public. One example among many are the individual public purchases
and installations of low-cost PurpleAir instruments on the Island of Hawai‘i during the
2018 LERZ eruption of Kı̄lauea volcano [Chapter 2]. In areas where air quality measure-
ments by reference-grade instruments are limited or non-existent, "crowed-sourced" or
citizen-science data collection using low-cost instruments can be an extremely valuable
source of data (Loiselle et al., 2017; Thompson, 2016). Additionally, low-cost instru-
ments have uses as educational tools for schools, developing students’ abilities in STEM
(science, technology, engineering and maths) subjects and engaging them in a wider
critical analysis of the world around them (Williams et al., 2014). Likewise, low-cost
sensors can be used for informal air quality networks to widen awareness of air quality
issues (Lewis and Edwards, 2016; Williams et al., 2014). The relatively cheap cost, ease
of use and small size of low-cost sensors makes them appealing to members of the public
who are interested in air quality. As a result, the proliferation of low-cost air quality
sensors is increasing, with a vast array of instrument models installed around the world
(Thompson, 2016).

While this instrument proliferation is ideal in providing a large volume of air quality
data and a wider public awareness towards air quality, the largely-untested nature of
the instruments poses significant problems. The vast majority of low-cost air quality
instrumentation has not been independently evaluated for measurement accuracy and
precision, resulting in questionable data outputs (Lewis and Edwards 2016, Cross et al.
2017, DEFRA, 2022a). Members of the public typically lack the technical means to
verify the measurements themselves, and must trust the instrument specifications and
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accuracy levels indicated by the supplier (Lewis and Edwards, 2016). This becomes a
critical issue when the low-cost instrument measurements are used for decision-making
on a community or personal level. For example, on the basis of measurements from a
low-cost particulate sensor, children may be encouraged to play in parks near busy roads
where air quality in reality is poorer than the low-cost instrument indicated. Similarly,
during periods of volcanic unrest, low-cost instruments could result in a false sense of
security among the public, or an unnecessary level of panic. Both end-members of the
spectrum can cause harm when used in personal decision-making, in the first case by
individuals not taking measures to reduce their exposure to pollutants and in the second
case by isolating themselves indoors unnecessarily.

Citizen science or "crowd-sourced" low-cost networks, such as the PurpleAir instru-
ments installed during the 2018 LERZ eruption on the Island of Hawai‘i, can provide
air quality data for scientific research. There are advantages and disadvantages to using
this data for scientific research. For example, instruments which are purchased and in-
stalled by members of the public tend to be located on private property, which reduces
the risk of theft or vandalism that can sometimes occur with instruments installed by
research groups. Instruments which are owned by members of the public are also likely
to be maintained regularly. For example, batteries are likely to be replaced promptly
and minor maintenance issues may be resolved quickly via the individual contacting
their supplier or obtaining a new instrument. This is in contrast to some scientific
networks, such as the AQMesh network downwind of Masaya volcano [Chapter 3], of
which the whole network is maintained by the research group and delays in mainte-
nance can result in periods of missing data. However, publicly owned and managed
instruments can have significant disadvantages. For example, there is no information
provided to establish the exact location of the low-cost instrument in the context of
the environment. Members of the public may unknowingly install their instrument in a
manner that compromises the accuracy of the measurements, for example, by choosing
a location that is too sheltered or in proximity to a pollution source. It is therefore
important that low-cost air quality instruments have clear instructions for operation,
detailing the optimal installation requirements of the instrument while using language
that is accessible to all potential end-users.

In instances where researchers use a network of low-cost instruments to measure
air quality, it can be extremely valuable for them to provide the public with access to
the measurement output in real-time. This could be achieved either by using low-cost
instruments from companies providing in-built data presentation services, for example
PurpleAir instruments (PurpleAir, 2019; Whitty et al., 2020) and AQMesh pods (Crilley
et al., 2020; Whitty et al., 2022), or by designing and implementing custom-built data
infrastructure. Provision of real-time data visualisation from low-cost instruments would
allow the public to engage and benefit from the research ongoing in their local area, but
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under conditions where the researchers can verify the low-cost instrument measurements
and highlight levels of measurement uncertainty. This would widen the awareness of the
public, both towards potential issues with air quality in their local region and towards
the measurement limitations of low-cost air quality instrumentation. In such a way, real-
time data visualisation benefits communities in the downwind volcanic measurement
area but also benefits the researcher by contributing knowledge and providing a real-
world impact through their work, which is often a requirement for research conducted
under grant funding.

Low-cost sensors will inevitably spread further into the public domain as time con-
tinues and technology advances. It is therefore critical for regulators to set manufacturer
guidelines to ensure that instruments are produced to a minimum standard of accuracy
and with clearly-defined uncertainty levels (Lewis and Edwards, 2016). Community
awareness should also be promoted, with educational programmes to inform and cau-
tion the public in their use of low-cost air quality sensors (Jiang et al. 2018, DEFRA,
2022b).

5.5 Optimised methodology for plume dispersion models

The majority of the work presented in this thesis examines volcanic SO2 and particulate
air quality using networks of reference-grade and low-cost instrumentation. However,
in Chapter 4, I used outputs from the CALPUFF plume dispersion model, operated
and run by the Icelandic Meteorological Office, in combination with ground-based air
quality measurements to indicate the potential population exposure to volcanic SO2.
While I did not run the CALPUFF model myself, I have gained insight into the appli-
cation of the model by ground-truthing the forecast outputs to instrument observations
[Section 4.2.3.1]. As such, in this section I indicate potential modifications that could
be made to the model constraints and inputs to reduce output errors and improve
ground-truth comparisons. I discuss the recent applications of the CALPUFF model
for forecasting the 2021 Fagradalsfjall eruption in Iceland and a trial implementation
period at Masaya volcano in Nicaragua by the UNRESP project (Chapter 4, Barsotti
et al. 2018; UNRESP 2018). In both instances, the CALPUFF model over-estimated
the concentration of SO2 at ground level, indicating that further work is required to
better define the model’s optimal methodology.

One of the key input parameters to the CALPUFF model is the description of the
volcanic source. It is critical that the SO2 flux, as well as the thickness of the plume
and its injection height into the atmosphere, is accurately described and frequently
updated to reflect the dynamic nature of the eruption (Scire et al., 2000). In the trial
application of the CALPUFF plume dispersal model at Masaya volcano, the source
description remained constant with a steady SO2 flux of 250 t/d, based on previous
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research at Masaya volcano (Barsotti et al., 2018; Ilyinskaya et al., 2017a). Conversely,
in the application of the CALPUFF model at the 2021 Fagradalsfjall eruption, the
source description input was modified, if necessary, prior to each model run [Chapter 4].
In both examples, the CALPUFF model over-estimated the concentrations of SO2 at
ground level, but the magnitude of the over-estimation varied significantly. At Masaya
volcano, ground-truth comparison to observations indicated that over-estimation was
by a factor of 100 (Barsotti et al., 2018), whereas during the Fagradalsfjall eruption
the over-estimation was by a factor of 7 [Section 4.3.4.1]. At Masaya volcano, the
SO2 flux and plume characteristics are not monitored or reported on, making it a
significant challenge to input an accurate source description to the CALPUFF model in
this location. However, the variability between over-estimation levels of the CALPUFF
model at Fagradalsfjall and Masaya volcano indicates that, wherever possible, accurate
and frequently updated source descriptions are key to successful implementation of the
CALPUFF plume dispersal model.

An additional challenge faced by the CALPUFF model at Masaya volcano was the
complex small-scale meteorological dynamics. In the region frequently affected by the
volcanic plume the topography varies considerably between deep valleys and high ridge-
lines, resulting in complicated wind shear dynamics. The close proximity of the large
body of water, Laguna de Masaya, to the emission source may have also influenced the
behaviour of the plume, adding complexities beyond the processing capabilities of the
CALPUFF model (Barsotti et al., 2018). The meteorological inputs to the CALPUFF
model were sourced from the European Centre for Medium-Range Weather Forecasts
(ECMWF) with a resolution of 0.125 degrees (≈ 12 km at the equator) (Barsotti et al.,
2018), which may have been too coarse a resolution to accurately describe the complex
atmospheric dynamics. In instances where the topography is variable around the vol-
canic source, and the meteorological conditions are complex or liable to alter rapidly, it
would be beneficial to have meteorological observations to validate the ECMWF fore-
cast inputs. These could be via a ground-based meteorological station or from periodic
radiosonde (balloon-borne) measurements.

In Chapter 4 of this thesis, I calculated a re-scaled version of the CALPUFF model
output to reduce the over-estimation of the SO2 concentrations at ground-level [Sec-
tion 4.2.3.1]. The accuracy of the re-scaled model output varied with distance from
the eruption site, with a greater accuracy level within 15 km of the eruption and less
accuracy at distances > 15 km [Section 4.4.2]. A similar but opposite effect was found
by the UNRESP project with their trial of the CALPUFF model at Masaya volcano.
Here, the mismatch between the forecast and observed SO2 concentrations was higher
in locations within 10 km of the volcanic source, and a better match was achieved at
distances more than 10 km from the source (Ilyinskaya et al., 2017a). The discrepancy
in the CALPUFF model’s prediction of SO2 concentrations in the downwind environ-
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ments could potentially be due to the user-defined values of chemical conversion between
SO2 and SO4. The inverted findings between Iceland and Nicaragua indicate that the
atmospheric conditions may play a role in the ground-truth discrepancy. For example,
the high temperature and humidity conditions in Nicaragua may have resulted in a
faster conversion rate of SO2 to SO4, resulting in an overestimation of SO2 at near-
field locations. Conversely, a slower conversion rate in the cooler Icelandic climate may
have resulted in overestimation of SO2 in locations > 15 km away from source. More
research into the rates of chemical conversion across different volcanic plumes may al-
low greater insight into this question. In the meantime, future applications of the
CALPUFF model could alter the user-defined chemical conversion inputs to determine
whether small modifications in the conversion rate may result in a better comparison
to pollutant observations at ground-level.

5.6 Community adaptions and involvement

Volcanic gas and aerosol emissions affect millions of people around the world, either
as a result of short-term sporadic eruptions or over longer time periods resulting from
prolonged eruptive activity or persistent passive degassing (Hansell and Oppenheimer,
2004). Across different cultures and societies, communities have adapted to reside in
areas that are periodically or chronically affected by volcanic air pollution. It is impor-
tant to observe and discuss these community adaptations to determine whether methods
can be replicated from one volcanic area to another and whether the lessons learned
by one community can benefit others in similar situations. Additionally, communities
affected by persistent emissions can be an invaluable source of information regarding
long-term volcanic emission dispersal, providing observations of potential seasonal or
diurnal patterns as well as describing the impact and negative health outcomes that
exposure can cause (Delmelle et al., 2002; Ilyinskaya et al., 2017a; van Manen, 2014).
In almost all cases, involving communities in research can produce more meaningful
and long-term impacts and benefits than would result from research where communities
were not involved. In this section, I will discuss how communities across the three study
sites in this thesis respond and adapt to living with volcanic air pollution, and their
involvement in the monitoring of volcanic emissions.

The communities in the areas downwind of Masaya volcano, Nicaragua, clearly il-
lustrate how societies can adapt to living with persistent volcanic air pollution. The
communities use methods including cultivating specific crops (pineapples and dragon
fruit) which thrive in the acidic volcanic soils, as well as using non-metal materials (ce-
ment, wood and stone blocks) to construct and maintain buildings to reduce structural
damage from the corrosive volcanic emissions (Ilyinskaya et al., 2017a; Whitty et al.,
2022). Farmers found that animals reared within the volcanic region were more likely to
have a natural resilience to the volcanic pollutants, while animals brought in from else-
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where tended to have a shorter lifespan and more prevalence of disease in the downwind
volcanic areas (UNRESP, 2018). Such methods allow these communities to develop a
level of resilience to the economic and practical aspects of living with persistent volcanic
emissions. They can also be an example to researchers installing air quality monitor-
ing networks in the area, indicating the need to protect instruments from the corrosive
volcanic environment (Whitty et al., 2020).

Community adaptions can also help individuals, particularly those who are more
vulnerable due to their age or underlying health conditions, to limit their exposure to
volcanic air pollution. In Nicaragua, neighbours relay qualitative information regarding
the presence and strength of volcanic pollutants, and organise farming and workloads to
reduce exercise levels during periods of intense emissions (Ilyinskaya et al., 2017a). Sim-
ilarly, in Hawai‘i, social media communication allows community members to highlight
periods of intense volcanic air pollution, increasing the awareness of the issue across the
wider community (Vog Talk, 2022).

In all three case study areas, official and unofficial advice is to remain indoors when
volcanic emissions cause poor air quality in populated areas (IVHHN, 2020, IVHHN,
2022). In Iceland, buildings are typically constructed of concrete with double-glazed
windows, offering good protection from outdoor air pollution. However, the cultural
norm in Iceland is to let infants sleep outdoors during the day which can lead to higher
potential exposure when the public is unaware of an episode of volcanic air pollution
(Chapter 4, Carlsen et al. 2021b). In Hawai‘i and Nicaragua, buildings often have an
open structure and are not air-tight, meaning that individuals may still be exposed
to pollutants even while indoors (Horwell and Elias, 2020). Construction of air-tight
buildings in Hawai‘i and Nicaragua would be impractical considering the frequently
warm and humid climate, where the lack of ventilation in an air-tight building would
result in uninhabitable indoor temperatures. Installation of air conditioning would solve
this issue, though this would likely be cost-prohibitive in many instances. In Nicaragua,
many households cook their food indoors using solid-fuel fires or stoves, meaning that
air-tight buildings would result in significant indoor air pollution (Ilyinskaya et al.,
2017a). It is clear that there is no one-size-fits-all solution for exposure reduction
methods. Recommendations must take into account the many and varied social, cultural
and economic factors as well as the concentration and frequency of volcanic air pollution
episodes.

Generally, exposure reduction methods are reliant on some level of knowledge of the
presence of volcanic pollutants, either via unofficial word-of-mouth or through official
channels and public advisories. It is clear that development of effective volcanic pollu-
tant monitoring and forecasting with timely communication to the public would greatly
assist exposure reduction methods, therefore potentially lowering the negative health
impacts within these communities. This clearly shows the critical need for permanent
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air quality monitoring systems in areas where volcanic emissions are dispersed through
populated areas.

One of the most consistent societal observations across the three study sites in
this thesis is the interest that the communities show towards volcanic eruptions and
volcanic air pollution in their region. In Iceland during the 2014 - 2015 Holuhraun
eruption, there were 138 instances of members of the public self-reporting symptoms of
nausea and headaches to online questionnaires provided by the Icelandic Meteorological
Office (Carlsen et al., 2021a). In Nicaragua, communities in the area downwind of
Masaya volcano were keen participants of the UNRESP project. Information events
organised to convey scientific findings to the local communities were attended by the
majority of community populations, including individuals across all generations. On the
Island of Hawai‘i, residents actively engage in social media groups to discuss volcanic
emissions, their impact on day-to-day life and also to provide qualitative descriptions
of the distribution of volcanic air pollution across the island (Vog Talk, 2022).

This level of community interest towards volcanic eruptions and volcanic air pollu-
tion can be a valuable asset to research, as communities can act as willing collaborators
in data collection and provision of information. For example, during the 2018 LERZ
eruption of Kı̄lauea volcano, community members individually purchased and installed
low-cost PurpleAir particulate sensors, providing a data-set of high-resolution particu-
late measurements [Section 2.5.2] (Whitty et al., 2020). In Nicaragua, van Manen, 2014
used community interviews to determine the perceived risks and impacts of volcanic
air pollution in the area downwind of Masaya volcano. Similarly, the UNRESP project
interviewed community members to gain local knowledge of the long-term volcanic
emissions from Masaya volcano. Community members conveyed that the volcanic air
pollution is generally more noticeable during the rainy-season months (June to Septem-
ber) each year and that the water supplies in the region become affected during intense
pollution episodes (Ilyinskaya et al., 2017a; UNRESP, 2018). At Masaya volcano there
is no air quality monitoring network, but the high level of community engagement could
be a valuable tool for hazard assessment in future if a crowd-sourced "did you feel it"
web-server system was established. This would allow researchers to determine where
and when the impact of volcanic air pollution was noticed by community members, and
feed the information back to government authorities and decision makers.

5.7 Future work

In this section, I briefly outline directions for future research. I consider potential routes
to improve low-cost instrument methodology and processing. I discuss how a permanent
air quality monitoring network could be established in the area downwind of Masaya
volcano if finances and infrastructure was available. I also discuss alternative options
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which could be used as first-steps towards data-gathering and information dissemination
in this area if resources were limited.

With regards to low-cost instrumentation, the following work to improve methodol-
ogy and protocols would dramatically maximise the potential of these sensors:

• Design and implementation of automated data processing systems for low-cost
instruments. This would include automation of user-defined validation checks and
automatic calculation of humidity-correction factors for particulate measurements.

• Development of protocols for the use of low-cost instruments to better constrain
how and when these instruments are appropriate to use and the level and frequency
of calibration checks required to verify measurement outputs.

• Rigorous standardised evaluation of all new models and versions of low-cost sen-
sors, including laboratory and field calibration studies with reference-grade coun-
terparts. These studies should be widely publicised to highlight areas of concern
as well as identifying specific low-cost sensors that are deemed trustworthy.

• Educational outreach programmes highlighting limitations of low-cost sensors to
end-users among the public.

At Masaya volcano, Nicaragua, implementation of a permanent air quality monitor-
ing network in the downwind area is crucial for better quantifying the level of volcanic
air pollution which communities are exposed to. In an idealised scenario where funding
and infrastructure were available, I would recommend the following steps towards devel-
opment of a suitable air quality network and to provide more information to community
residents and decision-makers.

• Installation of one or more SO2 and particulate reference-grade monitors in the
downwind area, including development of mains electricity and support infrastruc-
ture. The positioning of the reference-grade instrument(s) should be in a suitable
location frequently affected by the volcanic air pollution [Section 3.4.2].

• Installation of a network of SO2 and particulate low-cost instruments to augment
the reference-grade network. The low-cost instruments should be installed follow-
ing recommendations in Section 5.2.

• Establishment of an air quality index in Nicaragua to allow quantification of air
quality and risk levels.

• Development of protocols for decision-making including thresholds for SO2 con-
centrations at which public advisories should be issued.

• Further research into negative health impacts resulting from Masaya’s volcanic air
pollution, and development of official guidance towards personal exposure reduc-
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tion.

Under a perhaps more realistic scenario where infrastructure and funding are lim-
ited, the following steps could be implemented in the area downwind of Masaya volcano.
These steps would provide some level of information-gathering and air quality knowl-
edge, and hopefully establish momentum to develop a more effective and comprehensive
monitoring system in future.

• Development of a "did you feel it" web-server system using qualitative citizen-
science data-gathering to determine the frequency of noticeable volcanic air pol-
lution in communities.

• Regular meetings between community members and decision-makers to encourage
communication of air quality issues, community concerns and potential hazard-
mitigation steps.

5.8 Summary and conclusions

The work in this thesis is concerned with characterising the downwind SO2 and partic-
ulate pollutants from volcanic emission sources. I examined three case studies, using a
variety of instruments, methods and techniques throughout the thesis. Here in Chap-
ter 5, I have discussed ways in which the methodology used in the research chapters
could be improved to reduce instrument and network limitations and to maximise their
potential. The recommendations discussed in this chapter towards development of hy-
brid monitoring networks, improved implementation of low-cost sensors and towards the
reduction of ground-truth mismatch in applications of the CALPUFF dispersal model
will hopefully assist researchers aiming to examine downwind volcanic SO2 and par-
ticulates in future. As discussed in Sections 5.3 and 5.4, the development of low-cost
sensors is likely to continue at pace, along with the proliferation of sensor installation by
members of the public. These advancements lead to significant concerns regarding the
lack of evaluation of instruments and validation of data outputs. I recommended that
low-cost instruments be used with caution to reduce the potential for negative impacts
resulting from their use for personal and community decision-making. The outlined
directions for future research indicate areas of investigation which I would have liked to
implement if time and resources were available.
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Appendix A

Supplementary material for
Chapter 4

Appendix figures A.1 to A.7 display the SO2 and PM measurements from individual
stations within the seven measurement groups of Chapter 4. The specific locations of
the stations are shown in Figure 4.2.
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Figure A.1: Measurements from individual stations within G1. The red highlight indicates
the eruption period. The horizontal black dashed line indicates the ID hourly SO2 threshold of
350 µg/m3.
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Figure A.2: Measurements from individual stations within G2. The red highlight indicates
the eruption period. The horizontal black dashed line indicates the ID hourly SO2 threshold of
350 µg/m3.
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Figure A.3: Measurements from individual stations within G3. Blue highlighted periods in
the PM data indicate the BG1 and BG2 background periods. The red highlight indicates the
eruption period. The horizontal black dashed line indicates the ID hourly SO2 threshold of
350 µg/m3.
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Figure A.4: Measurements from individual stations within G4. The red highlight indicates
the eruption period. The horizontal black dashed line indicates the ID hourly SO2 threshold of
350 µg/m3.
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Figure A.5: Measurements from individual stations within G5. Blue highlighted periods in
the PM data indicate the BG1 and BG2 background periods. The red highlight indicates the
eruption period. The horizontal black dashed line indicates the ID hourly SO2 threshold of
350 µg/m3.
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Figure A.6: Measurements from individual stations within G6. The red highlight indicates
the eruption period. The horizontal black dashed line indicates the ID hourly SO2 threshold of
350 µg/m3.
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Figure A.7: Measurements from individual stations within G7. Blue highlighted periods in
the PM data indicate the BG1 and BG2 background periods. The red highlight indicates the
eruption period. The horizontal black dashed line indicates the ID hourly SO2 threshold of
350 µg/m3.
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