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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 crater). The SO2 sensors failed and
recorded erroneous values on multiple occasions, likely due to corrosion, requiring significant maintenance com-
mitment. 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 an 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.

Resumen

Las emisiones de gases y partículas (PM) del volcán Masaya, Nicaragua, causan una importante contaminación at-
mosférica volcánica regional (VAP). Evaluamos la idoneidad de los sensores de SO2 y PM de bajo coste para una red
continua de calidad del aire. La red se desplegó durante seis meses en cinco zonas pobladas (a 4–16 km del cráter).
Los sensores de SO2 fallaron y registraron valores erróneos en múltiples ocasiones, probablemente debido a la co-
rrosión, lo que requirió un importante compromiso de mantenimiento. Los sensores de PM resultaron ser robustos,
pero los datos requerían una corrección en función de la humedad. Las mediciones de SO2 no pudieron utilizarse
como herramientas independientes para detectar la aparición de episodios de VAP (VAPE), pero una correlación
SO2/PM lo consiguió de forma fiable en las estaciones cercanas, como confirmaron las previsiones meteorológicas
y las imágenes por satélite. Las concentraciones de PM por encima del fondo identificaron de forma fiable los VAPE
tanto en las estaciones de campo cercano como en las de campo lejano. Sugerimos que se puede construir una red
continua a partir de una combinación de sensores de PM y SO2 de bajo coste con un mayor número de sensores sólo
de PM.
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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 ac-
tivity, and degassing as far back as, at least, the 1500s
[Rymer et al. 1998]. Santiago pit crater, initially formed
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around 1858–1859 [McBirney 1956], is the location of
current volcanic activity and has undergone five pe-
riods of lava lake development and multiple phases
of gas crisis with intense degassing activity [McBirney
1956; Stoiber et al. 1986]. The latest and current out-
gassing crisis started in 1993 and has resulted in large
fluxes of volcanic gas into the atmosphere [Rymer et al.
1998; Burton et al. 2000; Williams-Jones et al. 2003;
Mather et al. 2006a] with sulphur dioxide (SO2) flux
ranging from 120 to 2680 metric tons per day (Fig-
ure 1).
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Figure 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 Stoiber et al. [1986], Burton et al. [2000],
Delmelle et al. [2002], Galle et al. [2003], Williams-Jones et al. [2003], Mather et al. [2006b], Nadeau and Williams-
Jones [2009], Aiuppa et al. [2018], and Global Volcanism Program [2021].

Masaya volcano has a subdued topography, situated
at 635 metres above sea level (m asl), and this often
results in the volcanic plume remaining in the atmo-
spheric boundary layer [Delmelle et al. 2002]. The in-
jection of the plume into the low atmosphere means
that the plume can “ground”, causing exposure of the
land-surface to high concentrations of toxic gas and
aerosols. Prevailing easterly winds mean the plume is
commonly moved towards the Las Sierras highlands, an
area higher (925 m asl) than the crater summit, causing
damage to vegetation (including cultivated crops), ma-
chinery 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]. Vol-
canic plumes that remain in the lower atmosphere, such
as that emitted from Masaya volcano, are commonly
composed of a complex and chemically-evolving mix-
ture of both volcanic and atmospheric gases as well
as primary and secondary aerosol particles, dust, and
ash [Pfeffer et al. 2006b; Oppenheimer and McGonigle
2009; von Glasow et al. 2009; Langmann 2014; Mason
et al. 2021]. Volcanic emissions released into the lower
atmosphere can have a large impact on air quality, the
environment, and human and animal health across lo-
cal to regional areas [Mather 2015; Schmidt et al. 2015;
Tam et al. 2016; Ilyinskaya et al. 2017; Whitty et al.
2020; Carlsen et al. 2021b; Ilyinskaya et al. 2021].

SO2 is often the focal point of gas emission monitor-

ing at volcanoes due to its high concentration in vol-
canic plumes relative to the background ambient at-
mosphere, as well as its well-recognised environmen-
tal 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 re-
mote sensing approaches (that enable determination of
gas flux) and in situ methods such as Multi-Gas instru-
ments that contain electrochemical sensors for SO2 de-
tection. 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 vol-
ume (ppmv) [Shinohara et al. 2008; Roberts et al. 2012;
Aiuppa et al. 2018]. While the principal of SO2 mea-
surements is the same (electrochemical sensors), the
concentration range in downwind areas is several or-
ders of magnitude lower than near-source and there-
fore presents different challenges for detection accu-
racy. Measurement of volcanic SO2 at sub-ppmv levels
has also been demonstrated using electrochemical sen-
sors [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 the
2018 eruption of Kı̄lauea (USA) [Crawford et al. 2021].

Exposure to SO2 can result in irritation and inflam-
mation of the eyes and the upper respiratory tract
[Pohl 1998; Miller 2004; Longo et al. 2008]. Popu-
lation sub-groups including asthmatics, children, and
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Figure 2: Topographic map of Masaya volcano and the AQMesh sampling stations with heights in metres above
sea level (asl) for sampling stations andMasaya’s SantiagoCrater. Upper left inset indicates thewind rose referring
to 948metres 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 [2019].

respiratory- or cardiac-compromised individuals are
particularly vulnerable to exposure to SO2 [ATSDR
1998; CRI 2004].

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

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 in-
struments [Mather et al. 2003; Allen et al. 2006; Ilyin-
skaya et al. 2010; Roberts et al. 2018; Whitty et al.
2020]. PM is commonly sub-divided into size cate-
gories of PM1, PM2.5, and PM10 (PM with particle di-
ameters <1 µm, <2.5 µm and <10 µm, respectively).
This categorisation into cumulative size modes is im-
portant 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, ex-
posure 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 can-
cer of the bronchus, lung, and trachea [Cohen et al.
2005]. Recent studies have also investigated a link be-
tween exposure to PM and decline in short-term cogni-
tive abilities [Shehab and Pope 2019; Gao et al. 2021].
The chemical composition of volcanic PM is heteroge-
neous, with common chemical species including sul-
phates (primary emissions or formed via oxidation of
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sulphur gases) [Cadle et al. 1971; Stockwell and Calvert
1983; Allen et al. 2002; Mather et al. 2003; Langmann
2014] and halides, with an array of metals and metal-
loids including environmentally-harmful species such
as lead and cadmium [Longo 2013; Langmann 2014;
Ilyinskaya et al. 2017; 2021; Mason et al. 2021]. Vol-
canic 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 [Lim et al.
2012; Tam et al. 2016; Holgate 2017; Butwin et al.
2019]. Exposure to H2SO4, a dominant component of
volcanic PM [Mather et al. 2006b; Ilyinskaya et al. 2017;
Mason et al. 2021], can result in irritation of the eyes
and respiratory tract [Schlesinger 1985; Williams-Jones
and Rymer 2015; Carlsen et al. 2021a].

The persistent SO2 and PM-rich volcanic plume emit-
ted from Masaya volcano has led to long-term contam-
ination and fumigation of an area >1200 km2 down-
wind of the volcano following the prevailing wind
direction [Delmelle et al. 2002; Williams-Jones and
Rymer 2015]. A study by Delmelle et al. [2002] us-
ing time-averaged samplers found background concen-
trations 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 veg-
etation 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 Estudios Territoriales (IN-
ETER). During periods of extreme degassing the likely-
affected population are informed about the specific
hazard and, on the basis of recommendations from IN-
ETER, protective measures are recommended accord-
ing to the established protocols of the National Sys-
tem for Disaster Prevention, Mitigation and Attention
(SINAPRED). The national park which covers all the
Masaya Caldera, or more frequently the viewing plat-
forms near the active Santiago crater, are occasion-
ally closed to the public and tourists during periods of
strong degassing [Duffell et al. 2003]. There is no rou-
tine monitoring of air quality downwind from the vol-
cano.

The 2016–2019 “Unseen but not unfelt: resilience to
persistent volcanic emissions” (UNRESP) Global Chal-

lenges Research Fund project investigated resilience to
living with persistent volcanic emissions and the envi-
ronmental 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 par-
ticle sensor network of five stations installed in commu-
nities 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 Febru-
ary to August 2017) in a volcanic environment is as-
sessed, where the sensors are placed in downwind loca-
tions (4–16 km) to determine concentrations of volcanic
SO2 and particulates in distal locations. The robustness
and reliability of the network is discussed, in particu-
lar the ability of the network to recognise volcanic air
pollution episodes (VAPE). We give recommendations
for improved set-up and consider other monitoring net-
work instrument options.

2 Methodology

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 includ-
ing a variety of gas species, PM, humidity and ambi-
ent noise and wind conditions. Gases are measured by
electrochemical sensors (B4 series manufactured by Al-
phasense Ltd). The electrochemical 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 mea-
sured by an OPC-N2 optical particle counter (manu-
factured by Alphasense Ltd) which uses a laser beam to
detect particles from 0.38 to 17 µm in diameter [Cril-
ley et al. 2018]. Particles are assigned into size frac-
tions of PM1, PM2.5, and PM10 using an embedded algo-
rithm developed by AQMesh, and the raw size-resolved
data are not available to the user except upon request
[AQMesh 2017a]. 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 instru-
ment. The system is housed in an ABS IP65 box with a
mounting bracket for installation. The dimensions are
170ˆ 220ˆ 250 mm with an additional 180 mm height
if an antenna is fitted [AQMesh 2017b]. The pods weigh
between 2 and 2.7 kg depending on sensor and battery
configuration. Power is supplied either by mains power
at 9–24 V or by an internal lithium metal battery pack
at 3.6 V with 273.6 Wh [AQMesh 2017b]. 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
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Table 1: AQMesh pod sensor specifications for Nicaragua installation. Instrument specifications as stated by
AQMesh [2017b].

Sensor Type Units Range Precision Accuracy Lower limit

SO2 Electrochemical ppbv 0–100,000 ppbv >0.7 20 ppbv <5 ppbv
NO Electrochemical ppbv 0–20,000 ppbv >0.9 1 ppbv <1 ppbv
NO2 Electrochemical ppbv 0–20,000 ppbv >0.85 4 ppbv <1 ppbv
CO Electrochemical ppbv 0–1,000,000 ppbv >0.8 20 ppbv <50 ppbv
O3 Electrochemical ppbv 0–20,000 ppbv >0.9 5 ppbv <1 ppbv
PM Optical particle counter µg m´3 0–250,000 µg m´3 >0.85 5 µg m´3 0 µg m´3

Humidity Solid state % 0 to 100 % >0.9 5 % RH 1 % RH

of mains power, and in this study the battery recharge
frequency was four weeks. The electrochemical gas
sensors and optical particle counter are calibrated dur-
ing the manufacturing process and have an expected
lifespan of two years before replacement is necessary
[AQMesh 2017b]. AQMesh pods are manufactured pri-
marily for the monitoring of urban and commercial en-
vironments. The measurements are uploaded automat-
ically 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 Ta-
ble 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 m above the ground. The sites were
deemed to have low likelihood of localised pollution
sources, with the exception of Rigoberto, which was lo-
cated on a roof of a home and relatively close to the
outlet of domestic cooking fire smoke. The locations
of the AQMesh measurement stations and the prevail-
ing plume trajectory are indicated in Figure 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 fre-
quently impacted by VAP. San Juan is significantly less
likely to be impacted and was therefore used as a back-
ground 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 consid-
ered near-field stations (~4 km from the crater), and
El Crucero and Pacaya are considered far-field stations
(~16 km from the crater; Figure 2).

The AQMesh pods were maintained by the UNRESP
project and INETER. Technical specifications of the
AQMesh pods state that the electrochemical sensors re-
quire replacing after 2 years [AQMesh 2017b], how-
ever the electrochemical sensors needed replacing sev-
eral times during the six month experiment period (Ta-

ble 2). For example, at El Crucero station, issues with
the SO2 sensor and corrosion of the battery connec-
tors required replacement parts to be installed on four
occasions within the six months of AQMesh pod de-
ployment, resulting in bad or missing data over 36 %
of the measurement time (Table 2). 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 oc-
curred both externally (e.g. to the mounting brackets:
Figure 3A, B) and internally (e.g. to the metal parts
of the sensors, computer boards and battery charging
connectors: Figure 3C, D), resulting in long periods
of missing or erroneous data until replacement parts
could be installed.

2.2 Sensor Precision and Accuracy

To test the precision of the AQMesh sensors, all pods
were placed in proximity together in an urban loca-
tion (Figure 2) with minimal anthropogenic pollution
sources (e.g. away from busy roads), away from vol-
canic 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 fluores-
cence 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 Scientific 2010; EPA 2016].
The FEM (Forum for Environmental Measurements)
designation of instruments, such as this SO2 analyser,
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Table 2: Frequency of AQMesh pods being offline due to sensor failure or corrosion of key components impacting
ability to function.

AQMesh
number

Installation
date

Measurement
station

Time
in field
(days)

Number of
occurrences of
sensor failure
or damage

Number of days
with bad or
missing data

Percentage of
measurement
time with bad
or missing data

1733150 25/02/17 El Panama 187 5 41 22 %
712150 01/03/17 El Crucero 183 4 66 36 %
789150 27/02/17 Pacaya 184 3 56 30 %
803150 27/02/17 Rigoberto 170 3 19 11 %
735150 28/02/17 San Juan 157 1 8 5 %

Figure 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] cor-
rosion 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.

aims to promote consistency in measurements between
different environmental monitoring networks by en-
suring that instruments are of reference-grade quality
[EPA 2016]. The SO2 analyser was installed in an air-
conditioned building at El Crucero (Figure 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 cali-
brated 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 num-
ber: 176433, BOC Ltd) with the blender set-up within
the AMOF COZI Laboratory, National Centre for Atmo-
spheric Science (NCAS*).

*https://amof.ac.uk/laboratory/carbon-monoxide-and-ozone-
calibration-laboratory-cozi/

2.3 Electrochemical Sensor Cross-Sensitivities

Electrochemical sensors operate by diffusion of the tar-
get gas through a porous membrane, 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 interfere with
the chemical potential of the electrochemical sensor,
causing a positive or negative interference to the sen-
sor output, resulting in a biased measurement [Austin
et al. 2006; Lewis et al. 2016]. These interfering sub-
stances 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 electro-
chemical sensors are suitable for monitoring gas levels
in low ppbv concentrations, but it must also be recog-
nised 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
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this study can be found in the instrument data sheet*.
Of these, cross-sensitivities to NO2 and O3 are the most
likely to impact the accuracy of the SO2 measurement
[Alphasense 2021]. Changes in temperature and hu-
midity can also impact electrochemical sensor perfor-
mance [Mead et al. 2013; Lewis et al. 2016]. However,
in this study we are not investigating quantitative con-
centrations of SO2 but the AQMesh pods’ efficiency at
determining the simultaneous 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.

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 alterna-
tive to more expensive reference-grade instrumentation
which often require high power input and surrounding
infrastructure [Lewis et al. 2016; Sousan et al. 2016a;
b; Kelly et al. 2017]. However, the trade-off of using
these low-cost compact OPCs is that they do not cur-
rently provide such precise, accurate, or sensitive mea-
surements as their reference-grade counterparts [Sou-
san et al. 2016a; Crilley et al. 2018; 2020].

Part of the issue lies with the methodology for acquir-
ing the number and size of the particles. Many low-cost
OPCs measure the number of particles and the parti-
cle diameters by examining the light-scattering as each
particle passes through a laser beam. These measure-
ments are then converted to particle mass concentra-
tions 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 humidi-
ties it is often water which is the dominant component
of atmospheric particles [Gysel et al. 2007]. The abil-
ity of particles to absorb water depends on the particle
composition, with the variability of hygroscopicity de-
termined by the inorganic mass fraction, with sulphate
in particular being a very hygroscopic particle compo-
sition [McFiggans et al. 2005; Gysel et al. 2007; Crilley
et al. 2020]. 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 condi-
tions [Crilley et al. 2018; Jayaratne et al. 2018; Crilley
et al. 2020]. As a consequence of this, the reported par-
ticle mass concentrations from OPCs without a heated

*https://www.alphasense.com/WEB1213/wp-content/uploads/
2019/09/SO2-B4.pdf

inlet need to be converted from wet particle mass con-
centrations to dry particle mass concentrations in order
to be more accurate and comparable to reference-grade
instruments and measurements made at different hu-
midity levels.

Here we follow the methodology described in Crilley
et al. [2018] and Crilley et al. [2020] to apply a correc-
tion factor to the reported results for PM1, PM2.5, and
PM10 from the AQMesh network in Nicaragua. The cor-
rection factor (C) is applied in the following manner as
described in Equation 1:

C “ 1`

¨

˚

˝

´

κ
ρp

¯

´1`
´

1
aw

¯

˛

‹

‚

(1)

where ρp is the density of the dry particles (here we
use 1.65 g cm´3 which is the ambient particle den-
sity 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 vsm{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 measure-
ments we use a κ value of 0.33 relating to dust particles
as these have a lower hygroscopicity and would nor-
mally 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 Equa-
tion 2:

PMCorr “
PMRaw

C
(2)

The manufacturer states that the OPC-N2 instru-
ments are factory calibrated prior to sale. The applica-
tion of the correction factor as described above should
remove the impact of high humidity conditions from
the measurements [Crilley et al. 2018; 2020].

2.5 Detecting volcanic air pollution episodes

By definition, VAP elevates concentrations of SO2 and
PM at ground level for a period of time. However,
the SO2 sensors periodically recorded seemingly unre-
alistic peaks and troughs in concentration (Figure 8).
Therefore, we attempted to evaluate how reliable the
AQMesh pods are in identifying VAPE by using differ-
ent data analyses approaches and independent sources
of data. We analysed the AQMesh data for correlations
between SO2 and PM and for variability in PM con-
centrations 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.
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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, traf-
fic, household waste burning and agricultural fires) and
would become elevated during both types of pollution
events. SO2 alone, or the simultaneous presence of both
SO2 and PM, will distinguish episodes of volcanic pol-
lution from non-volcanic pollution.

The data obtained from the AQMesh instruments
were processed into hourly averages. Periods of erro-
neous or missing data (Table 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
measurements of PM1, PM2.5, and PM10 (henceforth
termed simultaneous enhancement of SO2 and PM) in-
dicating VAPE. A minimum threshold of four consecu-
tive days of good correlation was set to ensure that the
concurrent SO2 and PM signal was real and not a re-
sult 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 con-
centrations but an instrumental artefact. Correlation
periods were only included where SO2 concentration
peaks reached at least 20 ppbv, as concentrations lower
than this are beneath the unambiguous detection 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 an-
thropogenic pollution, most likely from the local cook-
ing fires. These cooking fire–related detections were re-
moved from the analysis.

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 meth-
ods in Section 2.5.3 and Section 2.5.4), the PM data
were divided into categories of VAPE-likely and VAPE-
unlikely conditions and analysed to investigate any sig-
nificant differences in the number and range of PM un-
der the different 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 dif-
ferences between the VAPE-likely and VAPE-unlikely
conditions for each of the size fraction categories. Us-
ing the VAPE-unlikely dataset, a monthly average back-
ground concentration was calculated for each PM size
category at each measurement station. The VAPE-likely
and VAPE-unlikely datasets were then compared to the
monthly background average to determine significant
outliers indicating PM pollution events.

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 pe-
riod. 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 Weather Fore-
casts (ECMWF) to determine when volcanic plume was
likely to have been present at the measurement sta-
tions. ECMWF uses ensemble forecasting to predict
the evolution of atmospheric conditions through time
[Molteni et al. 1996; Buizza et al. 2005]. 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 re-
trieved in a three-hour cycle, with each output pro-
ducing forecast results at twenty-five pressure lev-
els through the atmosphere, from 1000 hPa (average
geopotential 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 (ms´1), geopotential height (m), vertical ve-
locity (ms´1) and humidity (% RH) were extracted
for each pressure level. The wind speed and direc-
tion were examined graphically in wind roses to de-
termine changes in the wind direction through a ver-
tical 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 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 di-
rection before and after satellite imagery acquisition.
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Figure 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.

Figure 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.

The ECMWF forecast at 900 hPa (948 m ˘ 112 m asl)
had the highest correlation with plume extension ori-
entation seen in satellite imagery during the thirteen
days of overlapping data, with a Pearson’s r value of
0.86 (Figure 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. How-
ever, we recognise that this interpreted plume height
may have some bias resulting from only using visible
plume extension from satellite imagery on days with
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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 fore-
cast at 900 hPa were used throughout the study to de-
termine which AQMesh station was likely exposed to
volcanic plume throughout the period of interest. We
recognise that using ECMWF forecast data at an av-
erage height in the atmosphere of 948 m asl to in-
terpret 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 measure-
ment of the pollutants. ECMWF forecast data were
used in 24-hour averages to give a good representa-
tion of the overall meteorological conditions. The likely
presence of plume at each AQMesh measurement sta-
tion was evaluated and compared to the AQMesh mea-
surements to quantify the effectiveness of the AQMesh
pods at recognising the presence of volcanic plume.

2.5.4 Satellite Imagery

Visual satellite imagery of the volcanic plume from
Masaya was used as another indication for a greater
likelihood of a VAPE. The USGS Landlook Viewer* dis-
plays high-resolution satellite images from Sentinel 2,
Landsat 7, and Landsat 8. The satellite imagery ob-
tained 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 exam-
ined 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 trajec-
tory 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 5A) may result in
bias in the assignment of which AQMesh station was
likely exposed to volcanic plume, as the wind direc-
tion does not remain constant following plume disper-
sal away from the source point. As 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 trajec-
tory. Another potential source of error is the width of
the plume. Figure 5A and 5B indicate the variability in
lateral plume width (by a factor of ~2), which is not de-
terminable from the ECMWF forecast wind direction
and may cause errors when characterising stations as

*https://landlook.usgs.gov/

being likely exposed to VAP on a specific day. Satel-
lite imagery also suffers from the same “grounding” un-
certainty where it is not certain that a visible plume is
reaching the Earth’s surface.

3 Results

3.1 Precision of AQMesh Pods PM Measurements

During the co-location testing period (section 2.2) the
SO2 concentrations were low and within the noise limit
for the electrochemical sensors. As such, only the PM
measurements from this co-location period were con-
sidered, the results of which for PM1 and PM2.5 are
shown in Figure 6. During the testing period, the PM1
concentrations were less than 15 µgm´3 and the PM2.5
were less than 30 µgm´3.

The PM measurements of each of the five AQMesh
pods were analysed and assessed for correlation dur-
ing 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 mag-
nitude of PM recorded, with AQMesh pods 712150 and
789150 consistently measuring higher values than pods
803150, 1733150, and 703150. For PM2.5 measure-
ments, similar Pearson’s r values were found, with 20 %
above 0.9 and 70 % above 0.8. Measurement variabil-
ity was reduced in PM2.5 measurements, though pod
712150 consistently reported lower values with respect
to the other instruments (Figure 6).

The co-location indicated that there was some sig-
nificant variability between the OPC-N2 instruments
within the AQMesh pods at low concentrations. How-
ever, despite the variability in absolute measurements,
all the instruments recorded high concentrations si-
multaneously, suggesting that the AQMesh pods are
suitable for monitoring increases in PM above back-
ground concentrations, even if there is variability in the
absolute concentration of PM recorded.

3.2 Accuracy of AQMesh Pod SO2 Measurements

During the testing period of AQMesh and the pulsed
fluorescence spectroscopy SO2 analyser (Section 2.2),
both co-located AQMesh pods underestimated the con-
centrations measured by the SO2 analyser by up to 75 %
(Figure 7). The correlation between the electrochemi-
cal sensors and the SO2 analyser was very good, with
Pearson’s r values 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 (Fig-
ure 7C). The Alphasense B4 sensors may not be suit-
able for reporting absolute values of SO2 at low con-
centrations (see discussion below), but are reliable for
detecting when SO2 in the atmosphere is increased to
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Figure 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 2.4.

above background concentrations. We therefore sug-
gest that they are suitable for a low-cost sensor network
where the instruments are used to determine the pres-
ence or absence of volcanic plume and where identify-
ing 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 environ-
ment was the likely cause of the SO2 electrochemi-
cal sensors frequently failing and requiring replace-
ment. This means that there will be temporal incon-
sistencies as sensors are replaced, adding an additional
source of uncertainty to the data. One of the symp-
toms of the SO2 sensor failures was extreme peaks
and troughs in the recorded SO2 (Figure 8). These
peaks and troughs were not recorded at the background

measurement station at San Juan, or at the Rigoberto
measurement station which was located closer to the
edge of the prevailing plume dispersion region (Fig-
ure 8A, B). The near-field site at El Panama and the
far-field sites at El Crucero and Pacaya recorded ex-
treme peaks and troughs in SO2 (Figure 8C–E), likely
due to SO2-induced corrosion. SO2 measurements at
some AQMesh stations recorded a diurnal signal which
is likely due to the humidity and/or temperature im-
pacting the sensor baseline (Figure 8F, I). These diurnal
signals are difficult to remove as each SO2 sensor can
have sensor-specific responses and several sensors had
to be replaced during the six-month experiment period.
Due to the frequent SO2 sensor failure and extreme er-
roneous 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
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Figure 7: Co-location of 43i SO2 analyser and two AQMesh pods at El Cruceromeasurement 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. 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.

PM (i.e. correlation with r2 > 0.5, see Section 2.5.1)
as an indicator of the presence of volcanic plume (Fig-
ure 9).

3.3 Efficiency of AQMesh pods at recognising vol-
canic plume

3.3.1 Simultaneous enhancement of SO2 and PM in-
dicates 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 mea-
surement station. The VAPE-likely days were cross-
referenced with the AQMesh data periods of simulta-
neously 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 10.

A control analysis was implemented to identify
agreement-positives (where ECMWF or satellite im-
agery indicated VAPE-likely at the same time as the
AQMesh instruments also detected a simultaneous en-
hancement of SO2 and PM) and disagreement-positives
(where ECMWF or satellite imagery indicated VAPE-
unlikely but the AQMesh instruments reported a si-
multaneous enhancement of SO2 and PM). It should
be noted that the determination of VAPE from the
ECMWF data and satellite imagery may have substan-
tial bias (see Section 2.5.3 and Section 2.5.4). The mete-
orological data is a forecast rather than an observation,
and therefore there may be instances of the plume be-

ing present at a measurement station without the fore-
cast successfully predicting its presence. The forecast
may also not successfully predict whether the plume is
at ground level. The potential bias of the satellite im-
agery is caused by the fact that the images are a snap-
shot in time and do not capture conditions where the
plume direction is dynamic. The results of the control
analysis are presented in Figure 11.

At the background San Juan station (Figure 2), the
AQMesh pod detected no simultaneous enhancement
of elevated SO2 and PM. ECMWF data and satellite im-
agery indicated no intervals of VAPE-likely, in agree-
ment 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 imagery given the potential sources of bias
detailed above. At El Panama the AQMesh pod de-
tected 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 10). The AQMesh at Rigoberto identi-
fied the presence of the plume with elevated levels of
SO2 and PM2.5 for 42 % of the time that ECMWF in-
dicated VAPE-likely and 30 % of the time that satel-
lite imagery indicated VAPE-likely (Figure 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 Rigob-
erto. Null-hypothesis tests were then performed on
the data sets with VAPE-likely or VAPE-unlikely de-
fined according to combined ECMWF and satellite im-
agery methods (Figure 11). The null-hypothesis test
at the near-field sites indicated a much higher level of
agreement-positive than disagreement-positive results
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Figure 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 remaining uncharged after four weeks. Extreme SO2
peaks and troughs result from failure of the SO2 electrochemical sensors. Red dashed line indicates 0 ppbv line.
Blue outlines 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 ppbv, the
lower limit used for identifying periods of simultaneously enhanced SO2 to PM.

for both AQMesh stations. At El Panama station the
AQMesh pod recorded agreement-positive identifica-
tions 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 11). There were significantly
lower numbers of disagreement-positive plume iden-
tifications at El Panama, at 18 % for PM1 and PM10
and 23 % for PM2.5 (Figure 11). Rigoberto AQMesh
pod likewise had a higher percentage of agreement-
positive instances than disagreement-positives for si-
multaneously 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 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 vol-
cano.

The far-field sites situated on the Las Sierras high-
lands (El Crucero and Pacaya) were not able to ef-

fectively recognise the presence of volcanic plume via
means of simultaneously elevated SO2 and PM. The
El Crucero AQMesh pod recognised a volcanic signa-
ture 5 % of the time that ECMWF indicated VAPE-
likely at the station, and 0 % of the time that satel-
lite imagery indicated VAPE-likely (Figure 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 ef-
fectively 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 simul-
taneously elevated SO2 and PM2.5 or PM10. The likely
reasons for this are discussed in Section 4.1.2.

The agreement in VAPE identification was higher be-
tween AQMesh and ECMWF than between AQMesh
and satellite imagery for El Panama, Rigoberto and El
Crucero stations (Figure 10). This is potentially due to
satellite images providing only a snapshot of the mete-
orological conditions, whereas the ECMWF data were
analysed as daily averages to provide an overview of
conditions and reducing the impact of outlying wind
directions.
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Figure 9: PM2.5 measurements from the five AQMesh stations. [A–E]: timeseries of hourly-average PM2.5 mea-
surements over the six-month experiment period, with all results corrected for humidity using the method outlined
in Section 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.

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) un-
der VAPE-likely and VAPE-unlikely conditions. A two-
sample t-test indicated significant differences in the
mean PM under VAPE-likely and VAPE-unlikely con-
ditions at El Crucero and El Panama with all proba-
bilities well below the significance level of 0.05. The
two-sample t-test at Pacaya also showed significant dif-
ference between VAPE-likely and VAPE-unlikely con-
ditions, although with probabilities closer to the sig-
nificance 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 back-
ground site. At El Panama and El Crucero, the two-
sample t-test indicated a larger significance in the dif-
ference between VAPE-likely and VAPE-unlikely con-
ditions for PM1 than for the larger size fractions, while

at Pacaya the highest significance was for PM2.5 fol-
lowed 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 [Martin et al. 2011; Ilyinskaya et al. 2017;
2021; 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 concen-
trations recorded under both VAPE-likely and VAPE-
unlikely conditions (Figure 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 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 contribu-
tion from volcanically-sourced PM.

We calculated the frequency of episodes when PM
size-dependent concentrations are above-background
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Figure 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. Per-
centages noted on each coloured bar indicate the pro-
portion of how often that the AQMesh pods recognised
VAPE derived from the relevant meteorological data.
San Juan and Pacaya AQMesh stations are not dis-
played as no simultaneous enhancement of SO2 andPM
were found at these stations.

Figure 11: Efficiency of AQMesh pods at recognising
VAPE at three measurement stations. Black bars in-
dicate frequency of VAPE-likely conditions at the mea-
surement station, as derived from both ECMWF and
satellite data, during periods when the AQMesh pod
was fully-functional. Yellow hatched bars indicate fre-
quency of VAPE-unlikely conditions at the measure-
ment 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 re-
sult 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 sta-
tions.
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Figure 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.

(Table 3). We identified events where the average
daily concentration 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 dur-
ing VAPE-unlikely periods (17 % for PM1, and 21 %
for both PM2.5, and PM10) (Table 3). The El Crucero
measurement station had a higher frequency of PM pol-
lution events during VAPE-likely conditions (48 % for
both PM1 and PM2.5 and 25 % for PM10) than during
VAPE-unlikely conditions (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). 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). This supports the interpreta-
tion that AQMesh pods are reliably identifying PM pol-
lution events of volcanic vs non-volcanic origin.

4 Discussion

4.1 Detection of VAP from Masaya volcano by
AQMesh network

4.1.1 Near-source locations impacted by the plume

The AQMesh pods at both El Panama and Rigoberto
were reasonably effective at recognising the presence
of volcanic plume as defined by simultaneous enhance-
ment of SO2 and PM during periods when meteoro-
logical data suggested the plume was likely at the
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Table 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 conditions 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 %

measurement station. Both stations also had a num-
ber of plume identifications during intervals when the
meteorological data suggested VAPE-unlikely condi-
tions, though the percentage of disagreement-positives
was smaller than the percentage of agreement-positives
(Figure 11). These findings support that simultaneous
enhancement of SO2 and PM measured by the AQMesh
in near-field measurement stations around Masaya vol-
cano are a suitable indicator for recognising the pres-
ence of the volcanic plume.

The PM distribution analysis indicated that the El
Panama AQMesh pod recorded significantly higher fre-
quencies of PM pollution events (for definition of PM
pollution event see Section 3.3.2) during VAPE-likely
conditions than VAPE-unlikely conditions (Table 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, agricultural
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 traceable. 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 Section 2.5.3 and Sec-
tion 2.5.4).

The AQMesh pod at the Rigoberto measurement sta-

tion had an insignificant difference 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 be-
tween VAPE-likely and VAPE-unlikely conditions (Ta-
ble 3). This is likely due to a coincidence of two factors.
Rigoberto is located on the edge of the prevailing plume
direction (Figure 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
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
considering different air pollution sources together and
not placing volcanic-pollution detection instruments in
places likely to be impacted by non-volcanic pollution.

4.1.2 Far-field locations impacted by the plume

The AQMesh pods at the El Crucero and Pacaya mea-
surement stations were the least efficient at recognis-
ing the presence of the volcanic plume using simultane-
ously 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 be-
tween 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 re-
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sult in higher uncertainty in identifying the plume dis-
persal 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 downwind
variability in wind direction was observed on several
occasions in satellite imagery with non-linear disper-
sion of the volcanic plume (Figure 5A]. Additionally,
although meteorological data may correctly suggest the
plume is being dispersed towards a measurement sta-
tion on a given day, these parameters do not guaran-
tee 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 be-
low 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 phys-
ically 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. In turn, this
would allow verification of whether the AQMesh pods
were correct in their positive or negative identification
of the plume’s presence. It would also be valuable to
better constrain the plume height and extent in the ver-
tical, potentially using drone or meteorological balloon
measurements.

The PM distribution analysis at the El Crucero sta-
tion indicated significantly higher frequencies of PM
pollution events during VAPE-likely conditions than
VAPE-unlikely conditions (Table 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 2). The cause for the smaller dif-
ference between VAPE-likely and VAPE-unlikely con-
ditions 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 re-
sulting in more traffic-related pollution during the day.
This potentially demonstrates the small-scale variabil-
ity in pollution levels.

4.1.3 PM pollution events

Based on the SO2 flux from 2016 (Figure 1) and vi-
sual observations of the plume during our fieldwork in
2017, the emissions from Masaya were relatively low
during the measurement period of this study. The fre-
quency and concentration of the pollution events re-
ported 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 (Fig-
ure 9), the pollution events (both volcanic and non-
volcanic) reach potentially unhealthy values (24-hour
average: PM2.5 > 35 µgm´3 [EPA 2013]) and support
the need for an operational air quality network. At
both near- and far-field stations impacted by the plume,
the VAP-related pollution events enhance the concen-
tration of PM1 and PM2.5 to a greater extent than PM10,
consistent with the fine size of volcanic particulates
[Martin et al. 2011; Ilyinskaya et al. 2017; 2021; Ma-
son et al. 2021] (Table 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].

4.2 Alternative air quality monitoring tools

The AQMesh pods are a relatively low-cost monitoring
option. A network of five AQMesh pods for perma-
nent 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 maintenance
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).
In such instances they require continual maintenance
and purchase of replacement parts. Although having
the advantage of being low-cost and relatively com-
pact, the AQMesh instruments have the drawback of
being less precise and accurate than larger reference-
grade instruments, as indicated in Figure 7. The data
from the instruments also requires substantial process-
ing and analysis, meaning that the current set-up is not
useful for plume monitoring in real time until auto-
matic algorithms can be implemented.

In comparison, if a network of reference-grade mon-
itoring instruments were installed, the cost of instal-
lation and construction of the required infrastructure
would be significantly higher. A single pulsed fluo-
rescence spectroscopy SO2 analyser costs in the range
of £8,000 to £12,000 (~US$10,900 to US$16,300) de-
pending on the configuration (quote from Thermo Sci-
entific [2010]). A BAM-1020 (manufactured by Met
One Instruments) which is a reference-grade FEM in-
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strument for measuring PM would cost in the range
of £17,000 (~US$23,200) (quote from Enviro Technol-
ogy Services Ltd, 2021). The instrumentation cost of
one reference-grade monitoring station would there-
fore be in the range of £25,000 to £29,000 (~US$34,000
to ~US$39,500), and a network of five would be approx-
imately £135,000 (~US$184,000) for instrument pur-
chase alone. Permanent ambient air quality stations
such as these must be kept in air-conditioned enclo-
sures to maintain long-term stability, adding consider-
able additional cost and time considerations related to
construction of buildings with access to mains power.
Although such a network of reference-grade monitor-
ing 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. Pur-
pleAir (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]. Pur-
pleAir instruments only have the capability of measur-
ing 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 al-
lows 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 in-
struments were installed across the island and pro-
vided 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 [Whitty et
al. 2020].

A recent study by Crawford et al. [2021] deployed
a network of low-cost sensors similar to the ones de-
scribed here across the Island of Hawai‘i to monitor
Kı̄lauea’s 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 Pur-
pleAir 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 cor-
rected for the effect of high humidity. Similar to this
six-month study, in several of the network nodes Craw-

ford et al. [2021] found SO2 sensors to experience tech-
nical difficulties over the 17-day deployment period.
The results from this combined-sensor low-cost net-
work were successful, with similar PM and SO2 mea-
surements recorded as the regulatory reference-grade
network and at a much higher spatial resolution [Craw-
ford et al. 2021]. Crawford et al. [2021] do not report on
the performance of the network over long-term deploy-
ment 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 sur-
rounding Masaya volcano, conditions can be challeng-
ing for air quality monitoring networks, especially with
the added complications of a warm and humid me-
teorological climate. In such settings it is necessary
to consider the balance between a monitoring net-
work’s ability to generate accurate and reliable mea-
surements against its financial cost, both for the ini-
tial installation of the network, and the on-going bur-
den of instrument maintenance. In Global South coun-
tries such as Nicaragua, limited resources and infras-
tructure may determine that the financial burden of
installing a full-scale reference-grade monitoring net-
work is too high. In such instances, governmental bod-
ies 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 informa-
tion to local exposed communities. For the area im-
pacted by Masaya volcano (and comparable areas else-
where), we conclude that a combined monitoring ap-
proach is the one most likely to achieve this primary
goal. The resources required would be for the instal-
lation and maintenance of one reference-grade moni-
toring station (consisting of FEM-approved instrumen-
tation for monitoring of SO2 and PM) and a network
of lower-cost instruments to provide a higher spatial
resolution. The continuous highly-accurate measure-
ments from the reference-grade station would provide
a reliable point-location determination of the daily con-
centration of SO2 and PM, allowing residents to de-
termine the potential likely health-impacts from the
volcanic-induced air quality. The reference-grade mon-
itoring station would also be used for regular calibra-
tions of the lower-cost instruments under local atmo-
spheric (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
strategically selected depending on a) how likely it is
to be impacted by the volcanic plume on a regular ba-
sis, b) how representative it is for local population ex-
posure, and c) how accessible it is for network mainte-
nance, including the regular calibrations of the lower-
cost instruments. We suggest that downwind of Masaya
volcano, a reference-grade monitoring station installed
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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 be-
cause, as shown in this work, they can be subject to fre-
quent component failures which may result in signifi-
cant total costs. Based on our results, we suggest that
AQMesh pods (or comparable gas-sensing instruments
from other manufacturers) would require some modi-
fications and subsequent testing in a volcanic environ-
ment if they are to be used for permanent monitoring
in order to reduce downtime due to component failures.
The necessary modifications would include better insu-
lation of the internal electronics (Section 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 envi-
ronment 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
receive relatively low concentrations of SO2 (consid-
ering the current SO2 flux) but higher PM concentra-
tions. The proposed combined network, at a medium
cost level, would provide good spatial coverage across
the exposed area and allow real-time information dis-
semination 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.

4.3 Recommendations for future use of low-cost sen-
sor 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 practical measures that could be implemented
to increase the effectiveness of the instruments to de-
tect 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 circuit boards using protective coat-
ings such as epoxy, aerosol spray, and solder masks to
coat vulnerable components and minimise exposure to
corrosion [González-García 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 infrastruc-
ture were implemented to allow the AQMesh pods to
be connected to mains power, this would remove the
need for battery re-charging every four weeks, there-
fore reducing both the maintenance time and costs as

well as reducing instances of the instruments being of-
fline when recharging was delayed.

On-site measurements of humidity are crucial to
allow effective correction of the PM counts [Cril-
ley et al. 2018; 2020]. Humidity measurements are
also important to allow filtering of the SO2 measure-
ments by the electrochemical sensors: this study fo-
cused on measurement intervals where sensors re-
ported 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 concen-
trations. Where funds and infrastructure allow, instal-
lation of a meteorological station at a suitable site close
to the volcanic source (perhaps upwind to minimise
corrosion) would also be invaluable to allow identifi-
cation of local wind conditions and direction of plume
dispersal on a real-time basis, as would methods to bet-
ter constrain the plume height.

4.4 Volcanic air pollution exposure mitigation

Exposure to volcanic SO2 and PM can cause long-term
health impacts and result in significant issues, partic-
ularly for children and vulnerable individuals includ-
ing 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 lo-
cation fluctuates, as shown in this study and by previ-
ous reports. If there is adequate monitoring of volcanic
SO2 and/or PM concentrations in downwind communi-
ties, the residents can react to the fluctuating presence
of the plume. During periods of extreme degassing
from Kı̄lauea volcano in Hawai‘i in 2018, official gov-
ernment advice included remaining indoors, closing
doors and windows and recirculating air within build-
ings [Hawaii Emergency Management Agency 2018]. In
low-latitude Global South countries such as Nicaragua,
buildings are not commonly airtight and so mitiga-
tion strategies would focus more on avoiding exces-
sive 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 con-
centration of volcanic SO2 and PM that they are being
exposed to in real-time. This most effectively works ei-
ther 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 commu-
nication to community members of their level of vol-
canic exposure on any given day. Although the AQMesh
network temporarily installed by the UNRESP project
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in Nicaragua was not able to provide a real-time warn-
ing system, it demonstrated that it would be highly
beneficial to the communities surrounding the volcano
for an operational monitoring and/or forecasting sys-
tem to be implemented.

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 pres-
ence of volcanic plume at the measurement stations.
Intervals where volcanic plume was likely to have
been present at measurement stations were assessed
from ECMWF meteorological forecasts and from vi-
sual 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 distribu-
tion and concentration of particles under VAPE-likely
and VAPE-unlikely conditions.

The near-field stations of El Panama and Rigoberto
were reasonably effective at positively identifying the
presence of the volcanic plume using simultaneous en-
hancement of SO2 and PM during periods when mete-
orological data indicated plume dispersal towards the
measurement station. Both these AQMesh sites mea-
sured 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 identi-
fying the plume’s presence via means of simultaneous
enhancement of SO2 and PM. No SO2 to PM enhance-
ment were identified from data collected at the Pacaya
station, and El Crucero’s AQMesh pod positively iden-
tified 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 in-
efficiency 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 determina-
tion of VAPE-likely periods from meteorological condi-
tions.

Analysis of the PM data indicated that both near-
field and far-field stations can be suitable for identi-
fying an increase in daily average PM during VAPE-
likely conditions. The El Panama station recorded ex-
ceedance 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 back-
ground 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 reason-
ably 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 vol-
canic 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 sen-
sors.

The AQMesh pods that were installed in Nicaragua
were originally designed for monitoring 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 corro-
sion of key components, and there was a high frequency
of AQMesh pods going offline. The AQMesh pods pro-
vide 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 instrument nodes. Countries with
persistently outgassing volcanoes could greatly benefit
from installation of permanent monitoring networks to
track volcanic plume presence in downwind commu-
nities in real-time, together with the relevant informa-
tion flow to communicate this information to vulnera-
ble communities.
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