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Abstract

Vegetation disturbance caused by volcanic eruptions can span large areas and persist
for years, yet remains poorly constrained and underutilised as a tool for understanding
eruptive processes. Many volcanoes are located in forested and remote regions, where
access is limited and field observations are difficult. In this thesis, I explore how optical
and radar satellite remote sensing can be used to detect, quantify, and analyse vegeta-
tion disturbance and recovery caused by volcanic eruptions and emissions at volcanoes
worldwide, encompassing a range of eruptive styles and environmental settings, to assess

the global applicability of these methods.

This thesis is structured around three core investigations. First, in Chapter |2 I analyse
vegetation disturbance and regrowth following the 2015 eruption of Calbuco, Chile, using
Sentinel-2 NDVT time series and Sentinel-1 radar backscatter and coherence. I use this
case study to test different methods and assess the most effective earth observation
tools for studying vegetation disturbance at volcanoes. I demonstrate how declines in
vegetation health and coverage correlate with deposit type, thickness and distribution,
and show that forest recovery times vary with impact type and possibly local topography.
These results are used to refine isopach maps and estimate eruption volume based on

vegetation damage.

In Chapter [3| T assess the effects of volcanic gas emissions, particularly SO, on forest
health, using multi-year optical and radar observations at Krakatau, Semeru, Reykjanes
Peninsula, Turrialba and Masaya. I show that both short-term eruptive plumes and

long-term passive degassing cause measurable impacts to vegetation from satellite data,
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with spatial patterns and recovery trajectories linked to gas flux, exposure time, and

vegetation type.

Finally, in Chapter [4] I present a global comparison of forest disturbance and recovery
across 18 volcanoes, quantifying recovery times by disturbance type and forest biome.
Tephra-affected areas recover most rapidly, while PDC and blast zones show much longer
recovery times on the order of decades. Tropical forests recover faster than temperate
ones, suggesting ecological resilience plays a major role. In general, the majority of
impacted areas recover in as little as 30 years but flow deposits can significantly alter

the vegetated landscape for hundreds to thousands of years.

Across all chapters, I highlight the value of optical and radar satellite data to monitor
ecological impacts of eruptions, particularly when combined or used in conjunction with
field campaigns. These methods offer new ways to assess eruption magnitude, map
deposit extents, and evaluate ecosystem recovery, particularly in inaccessible regions.
The findings also point toward broader applicability to other disturbance types, and

show how vegetation change can be a useful proxy for understanding volcanic activity.
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Chapter 1

Introduction

Volcanic eruptions can cause widespread damage to their surrounding environment.
Many volcanoes worldwide are situated in forested regions, which can make them in-
accessible and difficult to monitor, in turn limiting knowledge of their past activity, a
critical factor in assessing the risks to surrounding communities. Previous studies on veg-
etation damage as a result of volcanic eruptions have predominantly been conducted via
field studies (Martin et al. 2009; Wilson, Cole, et al. 2011; Swanson, Jones, et al. 2013;
Payne et al. 2019), often limited to key volcanoes and only sampling a handful of sites,
due to accessibility issues from steep topography or dense forests (Macorps et al. 2023)).
By measuring and analysing forest changes (disturbance and regrowth) at volcanoes, we
can better understand both the long-term effects of volcanic activity on vegetation and

how volcanoes influence the broader ecological landscape.

We are currently experiencing a period of rapid advancement in Earth Observation, with
a growing number of satellites offering enhanced acquisition density and resolution (Ustin
and Middleton 2021; Zhao et al. |[2022)). This increase in satellite capabilities has led to
an abundance of data, enabling large-scale studies of forest dynamics around volcanoes,
particularly in regions where accessibility is limited. This thesis aims to improve our
understanding of how volcanic eruptions impact forests and how these effects can be de-

tected using satellite data. This analysis is conducted at a range of volcanoes worldwide,



1.1. Volcanic Eruptions and Forest Dynamics

exhibiting varying eruptive behaviours and located in different environmental settings, to

enhance our understanding of forest disturbance and recovery following volcanic activity.

1.1 Volcanic Eruptions and Forest Dynamics

Volcanic eruptions can vary widely in style, resulting in damage to surrounding plant
life that differs in severity and occurs across a range of temporal and spatial scales. As
volcanic eruptions are often large, sudden and infrequent disturbances they can have
unpredictable impacts on surrounding vegetation, with potentially long lasting impacts
(Foster et al.|1998)). In this section, I outline the various deposits associated with volcanic
eruptions, describe how these processes can damage vegetation, and their influence on

subsequent vegetation recovery.

1.1.1 Volcanic Eruption Hazards and Their Impacts on Vegetation

Volcanic eruptions can affect the environment through physical, chemical, climatic and
biological mechanisms, producing impacts that vary in scale and duration, with the po-
tential for global changes lasting thousands of years (Payne et al.|2019). Eruptions can be
effusive or explosive and result in a variety of different hazards which can have direct (pri-
mary) or indirect (secondary) affects on surrounding vegetation (Dale, Delgado-Acevedo,
et al. 2008). The direct damage caused by large explosive eruptions can be extensive,
reaching thousands of square kilometres (Carey and Sigurdsson 1989; Self |2006). Table
summarises the primary impacts from volcanic eruptions, with expected spatial scale,

damage intensity and influence on recovery.

Temperature, chemical characteristics and volume of ejected material all affect the de-
gree of damage or destruction of vegetation (Dale, Delgado-Acevedo, et al. 2008)). Hot
pyroclastic density currents (PDCs) may not only destroy vegetation they come into
contact with, but can also singe adjacent areas of vegetation up to hundreds of metres
away from the flow deposit (Charbonnier et al. |2013). In contrast, tephra fall causes
less intensive damage over a much greater area, spreading to regions many hundreds or

thousands of kilometres away (Wilson, Stewart, et al.|[2013; Wilson, Jenkins, et al. 2015;
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Table 1.1: Summary of primary volcanic eruption hazards and their impact on vegetation

Eruption Spatial scale of im- Intensity (how Vegetation recov- Estimated

impact pact strong the effect ery vegetation

on vegetation is) recovery
time

Blast Affects  immediate Medium — Will blow Likely to leave some Years to
vicinity and adjacent down vegetation, but residuals, land sur- decades
areas unlikely to fully de- face left usually suit-

stroy, residuals left. able for regrowth

Pyroclastic ~ Affects  immediate High — buries, burns, May leave no resid- Decades to

Density vicinity, usually and destroys vege- uals, affecting vege- centuries

Current localised to channels tation in path, and tation. May lead to

damages on out- change in vegetation
skirts. if some species left
residuals

Lava flows Affects  immediate High -  destroys Unlikely to have Centuries
vicinity but can everything in path, residuals left, new
spread further, may buries, and burns it. land is extremely
follow channels or be hard to recolonise,
wider reaching affecting vegetation

recovery dramati-
cally.

Lahars Affects areas further Low-medium — can May clear vegetation Years
reaching from vol- knock over, destroy, but likely to leave
cano, likely to stay and bury vegetation residuals
in  channels/follow but may not bury
rivers deep enough to de-

stroy or flow past
some areas.

Volcanic Can affect large areas Medium-high — can May have residuals, Decades to

Landslides in local vicinity clear vegetation and but could transport centuries

bury it. vegetation types
leading to a change
in vegetation distri-
bution if recovery is
possible.

Ash/Tephra Likely to be most Low-medium — cov- May affect vegetation  Years to
far-reaching impact, ers vegetation, in health and so which decades
spreading 1000s of some places may be species survive, but
km enough to prevent this would be in ex-

growth or remove treme cases

leaves and bark.
Volcanic Can spread very far, Low — can have po- Possible to affect Years
Gas but likely to only tential to kill trees in  vegetation health in

have sever impact on
vegetation more lo-
cally where concen-
trations are higher

small patches.

small areas but not
drastically in terms
of vegetation type or
quantity over a large
area.
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Arnalds 2013)), damaging vegetation through abrasion, which can impair photosynthe-
sis, and in areas of thick tephra deposit, cause complete burial of vegetation (Wilson,
Cole, et al. 2011} Turner et al. |[1997). The presence of chlorine in volcanic gas can cause
chemical toxicity in vegetation, it can also make volcanic ash more acidic, contributing

to vegetation loss (Swanson, Jones, et al. [2013; Lowenstern et al. |[2012).

These primary hazards can also trigger secondary hazards, often occurring after the
eruption, which may cause additional vegetation damage (Dale, Delgado-Acevedo, et
al. 2008; Dale, Swanson, et al. [2005)). Volcanic gases can result in vegetation damage
both during an eruption or by passive emission and can directly or indirectly damage
vegetation. Indirect methods include altering soil conditions or contributing to acid rain,
in comparison to direct methods such as gases entering the plant through the leaves
and causing plant death (Lowenstern et al. [2012; Smith (1981} Delmelle 2003)). These
secondary impacts, while important in vegetation damage and recovery, are difficult to
detect and monitor, particularly using satellite data. Therefore, I focus on the direct

impacts of volcanic eruptions on vegetation.

1.1.2 Vegetation Recovery and Resilience

In any setting, vegetation interacts with its surrounding environment, any rapid changes
to the environment will likely change the vegetation dynamics (Tang et al. [2021). The
degree of damage and how long it takes to recover is primarily linked to plant matter
survival, which can be influenced by both volcanic characteristics and local environmental
setting. The duration of exposure to eruption impacts, the patterns of damage, distance
from eruption centre, size/age of vegetation, location of plants and even time of year
can affect the amount of surviving plant matter and in turn how quickly it can recover

(Foster et al. |1998; Dale, Delgado-Acevedo, et al. 2008).

Vegetation recovery relies on plant survival, legacies, plant recruitment and the time
to maturity (Dale, Delgado-Acevedo, et al. 2008)). Plant survival will depend on the
level of damage and the type of eruption deposit it has been affected by. Surviving

plants aid recovery, and distance to surviving plant matter directly impacts recovery
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time (Dale, Swanson, et al. [2005)). Legacies can be divided into two categories: physical
(e.g. topography and landscape changes, soil alterations) and biological (e.g surviving
plant matter, animals, seeds or spores) (Dale, Delgado-Acevedo, et al.|2008). In areas of
no surviving plants, if there are remaining biological legacies this can aid recovery and
regrowth of vegetation in this area. Plant recruitment is the establishment of new plants
in an area. When this occurs for the first time on a previously uninhabited surface,
it is termed primary succession; when it occurs on a previously vegetated surface, it is
secondary succession (Dale, Swanson, et al. 2005 Crisafulli et al. 2015)). Environmental
factors such as distance to seed sources, wind and water transport, dispersal agents, and
elevation or topography can influence recruitment (Dale, Delgado-Acevedo, et al.|2008).
Time to maturity also influences recovery, if this period of time is shorter vegetation
will become more resilient more quickly, potentially enabling it to withstand future
disturbances. This is due to mature plants often having more resilience, due to factors
like size and cuticle thickness (Rankenberg et al. 2021; Han et al. [2022; Hintz et al. 2021
Dominguez et al. 2017)). Ecological resilience was first introduced by Holling in 1973, and
is defined as the ability of an ecosystem to withstand disturbance without structural or
state changes (Holling 1973). Other definitions refer to resilience as the return time to a
stable state or equilibrium after disturbance (Gunderson 2000). In this study, resilience
is defined as the ability of vegetation to withstand volcanic disturbances and return to
its pre-eruption state, as observed through satellite measurements such as vegetation
indices. It is important to acknowledge that while remote sensing can effectively detect
patterns of change and recovery, it may not capture smaller scale ecological processes,
such as species or composition changes which may also reflect longer term changes in the

ecosystem and its resilience.

Volcanic deposits that are more destructive and likely to destroy all plant matter, or
produce a new surface requiring primary succession (e.g. lava flows, PDCs), will result
in longer recovery times than deposits that leave remnant plant matter (e.g. tephra
deposits, lahars, volcanic blasts). The typical pattern of disturbance from a deposit will

also affect recovery (Foster et al. |1998). Tephra deposits or blasts typically produce
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sectoral (or isodiametric) patterns with an epicentre of disturbance, while lavas, lahars,
and channelised PDCs have a linear impact pattern, with any vegetation in surrounding
drainage channels likely to be destroyed (Foster et al. [1998). As a result, linear flows
are often closer to surviving plant matter or seed sources as they are narrower, and this
could reduce recovery time. However, these linear deposits are also the most damaging,

making the relationship complex.

The amount of surviving plant matter, or how quickly it recovers can also be influenced
by the type of vegetation and the environmental setting. Plant species may have more
inherent resilience, by being taller or having a thicker cuticle, and so be above the level of
impact or able to withstand environmental stressors resulting from eruptions (Dominguez
et al. 2017 Gillman et al. 2015). Forest type will also likely influence survival and
recovery as tropical forests have faster growth rates (so quicker times to maturity) as well
as more variation which is required for resilience (Gillman et al.[2015; Smith, Traxl, et al.
2022). Older trees will likely be more resilient, so even in a given setting older plants
may survive even if juvenile plants do not (Rankenberg et al. |2021). Seasonality can
significantly impact plant survival, depending on whether it occurs during the growing
season. Environmental factors, such as the time of year, snow cover, and topography,
can also play a crucial role in determining plant survival and recovery (Dale, Delgado-

Acevedo, et al. 2008; Dale, Crisafulli, et al. 2005]).

Although factors influencing recovery and resilience can be separated into those defined
by the volcano and those related to vegetation and environmental conditions, these
factors are interconnected and can influence one another. For instance, the type of
volcanic deposit, particularly its shape, affects the distance to surviving vegetation, a
critical factor in the vegetation’s ability to recover. As a result, the interplay between

these factors and their impact on recovery times is likely to be complex.
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1.2 Satellite Detection of Forest Properties

Satellite data provides global insights into the spatial and temporal changes of variables
indicating the condition of vegetation (Dorigo et al. [2007). Since the launch of Land-
sat 1 in 1972, it has been demonstrated how image-based remote sensing can be used
to monitor vegetation through crop identification, estimation of canopy properties and
forecasting crop production (Dorigo et al. 2007; Moran et al.[1997)). While characteristics
used to indicate forest health and growth rates, such as tree height, tree diameter, and
wood density, are not directly measurable from satellite data, there are well established
relationships between satellite-derived metrics and forest-derived physical characteristics
(Brown et al. [1989). Optical data dominates the field, as the relationship between the
optical reflectance spectrum and vegetation is well understood in comparison to the re-
lationship between satellite radar data and vegetation. However, it is limited by cloud
cover and time of day. As radar satellite data becomes ever more widely available, its
advantages over optical data make it an asset for studying vegetation (Kim et al. 2012).
Unlike optical data, radar is not hindered by time of day or cloud cover and can return
information about the various layers of vegetation, as longer wavelengths can penetrate

through the forest canopy (Treuhaft et al.|1996; Balzter 2001)).

Earth Observation techniques have been used to monitor forest change and damage from
a range of environmental disturbances including wildfires, flooding and drought (Zhu et
al. 2012; Coppin et al. [1994; Masek et al. 2008; Michener et al. [1997; Gouveia, Trigo,
et al. [2009). Fires, and the impact they have on vegetation, have been studied using
both optical and radar earth observation methods to monitor fire extent and map areas
of burn severity (White et al.|1996; Ban et al.|2020). Vegetation changes due to flooding
have been detected using high resolution optical data (Michener et al. [1997). Similarly,
drought impacts on vegetation have been studied through optical indices, such as the
Normalised Difference Vegetation Index (NDVI) and soil moisture index to investigate
drought extent, duration and severity (Gouveia, Trigo, et al. 2009). A restriction of
using satellite data to study forest disturbance is the size of the disturbed area, which

must be within the resolution range of the sensor in order for it to be detectable (White
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et al. 1996), smaller areas of disturbance could be missed as a result.

1.2.1 Optical Remote Sensing

Optical remote sensing is a passive form of remote sensing, utilising the visual, infrared
and thermal bands of the electromagnetic spectrum between 400-15,000 nm. The optical
properties of a canopy largely depend on the characteristics of the leaves, including leaf
structure, leaf area, chlorophyll content, and indirectly on soil moisture through its effect
on vegetation health (Jiang et al. 2008). These properties provide a direct indication of
plant health from optical reflectance data (Jacquemoud et al. |1990). However, optical
data has limitations, as it can only be retrieved during daylight hours, due to it requiring
sunlight as its energy source (passive remote sensing). Data acquisition can also be
blocked by cloud cover, this can be particularly difficult for studying volcanoes, as many,
particularly those in inaccessible regions where remote sensing would be most beneficial,

are in tropical regions with extensive cloud cover.

Vegetation Indices

Optical satellite images can provide valuable information, as they are relatively easy to
interpret and can be used to monitor land cover or detect changes by simply compar-
ing images. But often, spectral indices are used to highlight features in the data, such
as water, urban areas, or vegetation, providing a more detailed view of land cover and
changes. Vegetation health and coverage is often ascertained by using vegetation indices,
using wavelength combinations that highlight areas of high or low vegetation coverage.
There are countless vegetation indices to highlight different aspects of the vegetation
spectra, the three most commonly used to monitor vegetation health, coverage or distur-
bance are the Normalised Difference Vegetation Index (NDVTI), the Enhanced Vegetation

Index (EVI) and the Normalised Burn Ratio (NBR).
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Figure 1.1: Spectral reflectance curve of green vegetation modified from Clark (1999).
The visible, near infrared and short wave infrared parts of the EM spectrum are high-
lighted, along with the blue, green and red sections of the visible spectrum. The dashed
lines represent the wavelengths of the respective bands from Sentinel-2.

To understand the different indices it is important to understand the reflectance spectra
of vegetation (Figure [1.1)). The reflectance spectra of healthy, green vegetation is char-
acterised by low reflectance in the blue, green and red bands, with the lowest reflectance
at ~690 nm due to chlorophyll absorption, followed by a sharp increase in reflectance
between the red band and the near infrared (NIR) band (Figure (Myneni et al.
1995; Clark [1999; Agilandeeswari et al. 2022). The high reflectance in the NIR is due to
the internal leaf structure, with the mesophyll cells scattering NIR wavelengths (Slaton
et al.2001). This sharp transition from maximum absorption to maximum reflectance is
called the red edge and is very distinctive for healthy vegetation (Horler et al.|1983)). As
such, most vegetation indices rely on this sharp transition to indicate vegetation health.
If a plant loses chlorophyll the absorption will be reduced, or if there are changes to the
internal leaf structure, due to damage, the reflection maximum will be reduced, changing

the steepness of this red edge transition.
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Figure 1.2: A diagram of the internal structure of a leaf, and how it affects the absorp-
tion/reflection of the optical and near-infrared wavelengths, modified from (Ustin and

Jacquemoud .

Normalised Difference Vegetation Index

The Normalised Difference Vegetation index (NDVI) is one such index that takes advan-
tage of this red edge to assess vegetation quantity and health (Myneni et al. [1995), as
shown in the equation below.

NIR - R

This is one of the most widely used vegetation indices, due to its simplicity and ability
to be used with any multispectral sensor (Huang et al. 2021)). NDVI values range from
-1 to 1, vegetation is indicated by strong positive values, due to the red edge, values

that are close to zero or negative indicate non-vegetated areas, as the red edge is not
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present. NDVI has been used to monitor vegetation coverage and health, and has been
shown to be effective at capturing gradual changes in vegetation as well as more abrupt
disturbances (Goetz et al.[2006; Bai et al.[2008; Tian et al. 2015)). Consequently, it should
be a useful tool for detecting the change in vegetation following a volcanic eruption and

the subsequent recovery.

Enhanced Vegetation Index

The Enhanced Vegetation Index (EVI) similarly utilises the NIR and red bands and the

characteristic red edge, as shown in the equation below (Jiang et al. [2008)).

NIR - R
EVI = 1.2
v GNIR+01R—CQB+L (1.2)

It was intended to improve sensitivity in higher biomass areas and reduce atmospheric
noise. G is a gain factor, C; and Cs are the atmospheric correction coefficients and L is
the soil-adjustment factor (Jiang et al. |2008). These values were empirically estimated
through simulations and analysis of MODIS data across a range of vegetation types and
atmospheric conditions, with a focus on minimising aerosol-related errors and improving
vegetation signal sensitivity (Jiang et al. 2008; Huete et al. 2002; Liu et al. [1995). The
standard values are used for MODIS, Landsat and Sentinel-2 instruments but can be
adjusted for specific applications or ecosystems (Morais et al. 2021)). The EVI has been
shown effective in land cover and change detections and is particularly effective over
cropland to differentiate different growing signals, in comparison to the NDVI (Jiang
et al. 2008)). However, EVI is more sensitive to topographic changes, a factor that will
be important to consider as I will be comparing volcanoes with varying topography

(Matsushita et al. 2007)).

Normalised Burn Ratio

The Normalised Burn Ratio, unlike the previous indices, does not utilise the red edge.

Instead it uses the near infrared and short-wave infrared (SWIR) bands to detect and
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map burnt areas and burn severity (Picotte et al.|2011; Roy, Boschetti, et al. |2006).

NIR—-SWIR
NBR= e vir (1.3)

Given the likely similarities between the damage caused by fire and that caused by
volcanic eruptions, this could prove to be a valuable index. However, it may struggle to
detect volcanic deposits that do not burn vegetation (e.g. tephra, volcanic blast) and it
may struggle to differentiate between levels of damage to vegetation as it does not use
the red edge. In Sentinel-2 the spatial resolution of the SWIR band is lower than the
NIR and R band (20 m compared to 10 m), an important consideration particularly for

looking at impacts over smaller areas.

1.2.2 Radar Remote Sensing

Radar is an active form of remote sensing, emitting its own signal which interacts with
the ground surface and is then recorded back at the sensor. This has benefits over
passive sensors as it is not limited by time of day or cloud cover, however, it is more
complex to process and interpret. I use synthetic aperture radar data, which takes
advantage of the Doppler effect of the moving satellite to simulate a larger antenna,
providing higher resolution images (Balzter 2001; Hanssen [2001). In SAR imaging, data
are acquired in radar geometry, defined by two principal directions: azimuth and range.
The azimuth direction is the along-track direction, following the direction of travel of
the satellite. The range direction is oriented perpendicular to the azimuth, and increases
from the near-range to the far-range (Woodhouse 2017). For SAR, the spatial resolution
describes the ability to distinguish objects in both the range and azimuth directions.
Range resolution depends on the systems bandwidth and incidence angle, while azimuth
resolution is achieved through the aperture synthesis concept, using the Doppler effect to
simulate a much larger antenna. It is of note that the spatial resolution of a SAR image
is different to its pixel spacing (Woodhouse et al. |2011). For example, a Sentinel-1 L1

single look complex (SLC) has a spatial resolution of 2.7-3.5x22m (slant range x azimuth)
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but a pixel spacing of 2.3x17.4 m (ESA [2013)). The ground range resolution varies due
to the side-looking geometry of SAR, increasing from the near to the far field with
increasing incidence angle. Radar waves can be vertically or horizontally polarised ,
both in terms of the outgoing wave and the recorded polarisation of the incoming wave.
Most common is a VV polarised wave (vertical emitted, vertical received), but cross-
polarised radar is better for detecting vegetation properties as vegetation is a volume
scatterer (Imperatore et al. 2017)), meaning the radar signal penetrates the canopy and
interacts with internal structures like leaves and stems, producing complex backscatter

from multiple scattering effects.

V,

Figure 1.3: A diagram of vertical and horizontal radar polarisations.

Different radar wavelengths interact with different sized scatterers and reach different
depths of the canopy (Figure . Generally, within a forest canopy, the smaller scatter-
ers (e.g. leaves and twigs) are near the top, and larger scatterers (branches and trunk)
are near the bottom. As a result, increasingly longer wavelengths are able to penetrate
through the canopy, down to the forest floor (Woodhouse 2017). Radar techniques to
monitor vegetation include the use of backscatter, coherence and polarimetry, which can
provide information on vegetation coverage, layer depth, tree height and Above Ground
Biomass (AGB) (Treuhaft et al.[1996; Askne et al.|1997; Evans et al.[1988). Of these de-
rived second order values, most common for vegetation is the AGB, which is the dry mass
of all plant material above the soil surface, typically expressed in Mg ha=! (Mitchard
et al. 2009; Lewis et al. 2013; Kumar et al. 2017). AGB can be estimated a number
of ways from first order values. Backscatter is one such way, as there is a strong posi-

tive relationship between backscatter and AGB calculated from field studies (Mitchard
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et al. 2009), particularly for long wavelengths and cross polarisation, although shorter
wavelengths and co-polarisation can also provide useful estimates (Mitchard et al. 2009
Woodhouse 2017))

X band Cband L band P band
A~3cm A~5cm A~ 27cm A~ 65cm

Figure 1.4: A diagram of different radar wavelengths and the dominant scattering ele-
ments they interact with in a forest context.

Backscatter

Radar sensors emit an electromagnetic pulse and record the returning signal which has
been directed back from the surface (backscatter). Radar backscatter can be used to
make estimates of forest biomass, due to the inferred relationship that as biomass in-
creases backscatter also increases. This is particularly true at longer wavelengths (P-
band) as the backscatter values continue to increase with increasing biomass, compared
to shorter wavelengths where the backscatter return saturates at lower biomass values
(Woodhouse Mitchard et al. 2009).

The backscatter coefficient, also known as the normalised radar cross section (op), is
defined as the energy scattered back from the ground surface at a given distance (R),
normalised by the area illuminated (A) by the satellite where pr and pgr are the inten-

sities of the incident and received waves, respectively (Equation 1.4) (Woodhouse 2017

Dualeh et al. [2021]).

_ 4T R%pp

o (1.4)

a0
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The backscatter coefficient is sensitive to satellite parameters like the incidence angle,
wavelength and polarisation as well as scattering properties on the ground which change
with surface roughness, slope, and dielectric properties (Dualeh et al.|2021). Vegetation,
being a volume scatterer, typically has higher backscatter than bare ground, as the
multiple deflections within the canopy result in a higher proportion of the incoming
signal being returned to the sensor. Backscatter has been used to monitor vegetation
(Treuhaft et al. [1996; Askne et al. 1997 Thiel et al. |2016|), vegetation changes as a
result of natural hazards like wildfires (Ban et al. 2020; Imperatore et al. 2017) and
to study volcanic deposits (Dualeh et al. 2021; Babu et al. [2019). Hence, vegetation
changes caused by volcanic eruptions, such as defoliation, or complete vegetation removal,
should be detectable through changes in radar backscatter, as these disturbances alter
the volume scattering behaviour by reducing or eliminating internal canopy structures

that contribute to the signal.

Coherence

The phase coherence is used to show how similar two waves, or acquisitions are. Two
waves are considered to be coherent if their difference in phase remains the same with
time. Coherence is defined as the complex cross correlation between two waves F; and
FEs, which gives a value between 0 and 1, with 0 being completely incoherent and 1 being

completely coherent (Woodhouse |2017; Dualeh 2022; Babu et al. 2019).

B Sn By By
VEN | EL P SN | By 2

Surfaces that do not change between acquisition, like bare ground, have higher coherence
than those that do, like vegetation. Vegetation is a volume scatterer, with the incoming
radar being scattered multiple times within the canopy. These canopy elements will
move between acquisitions and will also have changing roughness and dielectric proper-

ties, meaning it has very low coherence. Coherence will vary with wavelength, shorter
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Table 1.2: Summary of the satellites used in this thesis including key characteristics
(Torres et al. 2012; Drusch et al. [2012; Irons et al. |[2012))

Satellite Type Mission Bands Spatial res- Repeat time
length olution
Sentinel-1 Radar (C-  April 2014 - VV,VHHHHV 2.7-3.5x22m 12-day (6-day
band) present (IW mode) combined)
Sentinel-2 Optical /IR June 2015 - 13  spectral 10m 10-day (5-day
present bands combined)
Landsat 8 Optical /IR February 11  spectral 30m 16-day
2013 - present  bands
Landsat 7 Optical /IR April 1999 - 8 spectral  30m 16-day
April 2022 bands
Landsat 5 Optical/IR March 1984 - 7 spectral  30m 16-day
May 2012 bands
Landsat 4 Optical/IR July 1982 7 spectral  30m 16-day
- December bands
1993

wavelengths will result in lower coherence, as these smaller scatterers are often the least
stable. Longer wavelengths, that interact with larger elements like branches, trunks and
penetrate to the ground surface will be more coherent as these elements are more stable
(Balzter 2001)). Absolute coherence values can be used to indicate ground surface prop-
erties, with thresholds set to identify areas of low coherence, possible due to vegetation
(Burrows et al. [2019; Refice et al. 2014)). Alternatively, double difference coherence can
identify areas of coherence change and has previously been used to monitor and detect
natural hazards such as landslides and wildfires, as increases in coherence demonstrate

areas of vegetation loss (Yun et al. [2015; Burrows et al. 2019; Liew et al. [1999)

A summary of the optical and radar satellite instruments used throughout this thesis can
be found in Table[I.2] The spatial resolution varies by band for Sentinel-2 and Landsat

8, the resolutions stated refer to the bands used in this study.

1.3 Thesis Aims

This thesis aims to use satellite data to monitor vegetation damage at volcanoes world-

wide, as a novel proxy to measure eruption deposits, distribution, duration and magni-
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tude. I will use optical and radar satellite data to quantify the damage caused to forests
as a result of volcanic eruptions to improve deposit maps, monitoring and understanding
of forest disturbance caused by volcanic eruptions. My key aims for the thesis are as
follows:

1. Investigate which optical and radar satellite methods are best suited for capturing
vegetation changes caused by volcanic eruptions.

2. Study the different impacts explosive and effusive eruptions can have on forests, and
the subsequent satellite signature.

3. Explore forest changes at a range of global volcanoes to better understand how the

impact varies with eruption style and ecological setting.

1.3.1 Thesis Structure

In this thesis I will use optical and radar satellite data to identify and measure the

impacts of volcanic eruptions on forests.

In Chapter [2] I use the 2015 eruption of Calbuco to identify and introduce the most suit-
able data and methods to detect forest disturbance due to an explosive volcanic eruption.
I use NDVI, radar backscatter and phase coherence to study changes in vegetation cov-
erage due to the eruption. I use k-means cluster analysis to spatially group damaged
areas as a novel proxy for deposit mapping in intensely damaged zones. This chapter has

been published in Journal of Volcanology and Geothermal Research (Udy et al. 2024).

In Chapter |3 I investigate the impacts of volcanic gases on vegetation and the scale
(both temporal and spatial) over which damage and recovery can be measured from
optical and radar satellite data. I do this at 5 case studies in different environmental
settings and with gas emission at different scales. This chapter has been written up as

a paper to be submitted to Farth and Planetary Science Letters.

In Chapter [4, I use NDVI and k-means cluster analysis to analyse forest disturbance,
recovery and resilience following eruptions at 18 volcanoes worldwide. I quantify vege-

tation damage and recovery across different eruption types, magnitude, durations and
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forest biomes, to identify patterns linking recovery times to volcanic processes and envi-

ronmental settings.

In Chapters 2-4, I use plural pronouns (e.g. we, us, our etc.) as these chapters are from
joint-author work that is either published or is currently being prepared for publication,

the co-author contributions have been explicitly stated on pages iii-iv.
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Chapter 2

Satellite Measurement of Forest
Disturbance from Volcanic

Eruptions

Abstract

The characteristics and extent of forest damage, and the subsequent patterns of recov-
ery, reflect the intensity of an explosive volcanic eruption and have the potential to be a
novel proxy for eruption magnitude and impact. Using satellite measurements of vege-
tation damage and recovery patterns, following the 2015 explosive eruption of Calbuco,
Chile, we assess the impact on surrounding temperate forests and how areas impacted by
different deposit types recover post-eruption. The Calbuco eruption resulted in tephra
deposition over hundreds of square kilometres, pyroclastic flows extending 6 km and
lahars extending 15 km. We explore NDVI derived from optical imagery (June 2013 -
May 2023) as well as radar backscatter and phase coherence (October 2014 - June 2023)
through time series analysis, clustering and estimation of recovery timescales to find
patterns in forest disturbance and recovery. We find that forest damage and recovery

correspond primarily with deposit type, thickness and dispersal directions. The thickest
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tephra deposits (> 40 cm) correlate with the most vegetation loss, so our vegetation
impact maps allow us to refine the spatial mapping of tephra fall-deposit isopachs to
give a revised eruption volume of 0.28 km3. Vegetation recovery rates relate to initial
impact type and intensity, but also local topography, aspect and altitude. Our results
demonstrate a novel application of optical and radar satellite remote sensing to determine
eruption extents and magnitudes through vegetation disturbance. We show that measur-
ing vegetation disturbance, particularly in remote and densely vegetated environments,

can help refine field-based analyses in inaccessible or intensely damaged zones.

2.1 Introduction

Explosive volcanic eruptions can cause widespread impacts on their surrounding envi-
ronment, ranging from total destruction and burial of vegetated landscapes through to
minor and temporary damage (Dale, Swanson, et al. 2005; Grilli, Tappin, et al. [2019;
Major and Lara 2013)). The extent and style of damage reflects the intensity and mech-
anism of the driving volcanic process. Timescales and patterns of regrowth potentially
reflect both the nature of initial impacts and local floral, climatic, and environmental
parameters (Foster et al.|1998; Swanson and Major 2005)). Vegetation damage therefore
holds potential as a novel proxy for the magnitude and nature of volcanic eruptions,
enabling evaluation of the long-term environmental consequences of volcanic events. If
we can calibrate the scale of vegetation damage to the nature of the driving process, this
is a potential route to estimating eruption magnitudes and deposit volumes, particularly

in remote volcanic environments.

Freely available, global-coverage satellite data, provides an opportunity to systemati-
cally study relationships between volcanic eruptions and vegetation. By mapping forest
recovery after a sudden disturbance event, we can gather data on the timescales and
patterns of vegetation succession and ecosystem recovery. This allows us to test if, and
how the post-disturbance recovery is controlled by the initial impacts (Dale, Delgado-
Acevedo, et al. |2008; Moral et al.|1993). If recovery timescales can be better understood,

such methods hold the prospect of evaluating the impacts and magnitude of unobserved
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eruptions.

Here, we use the 2015 eruption of Calbuco volcano, Chile, to develop a satellite-based
analysis of the impact of explosive volcanic eruptions on forest environments. This
eruption is an ideal case to develop our approach, given that it occurred during an
era of frequent high-resolution satellite coverage, and in a densely vegetated proximal
environment that was affected by tephra fall deposition, lahar deposits and pyroclastic
density currents. We map the extent and timescale of vegetation damage and recovery
detected from satellite imagery, and identify the extent of the impacts from different
eruption mechanisms, using this to categorise the damaged vegetation. We calibrate
our results using ground-based observations to better map out the dispersal pattern of

erupted material.

2.1.1 TImpact of Volcanic Eruptions on Forests

The nature and timescale of volcanic impacts on vegetation are dependent on the vol-
canic process and its magnitude, alongside regional and local ecologies. The damage
caused by large explosive eruptions can be particularly extensive, reaching thousands of
square kilometres (Carey and Sigurdsson [1989; Self |2006). Pyroclastic density currents
(PDCs) generated during explosive eruptions generally have topographically controlled
distributions, destroying vegetation with which they come into contact through burning,
erosion, abrasion or burial, and can singe areas adjacent to the flow deposit (Charbon-
nier et al. 2013). In contrast, tephra fall deposits cause less intensive damage but cover
a much greater area, without topographic controls. Impacts from tephra fall deposition
range from burial and branch breakage for intense and thick fallout, through to abra-
sion damage and defoliation for thinner and finer ash deposition (Wilson, Stewart, et al.
2013; Wilson, Jenkins, et al. 2015; Wilson, Cole, et al. 2011; Turner et al. [1997). Lahars,
which occur during or after an eruption through the mixing of volcanic particles with
water, are highly erosive flows that damage vegetation through channel-wall erosion and,
downstream, by inundation and burial of adjacent landscapes beyond the outer flanks of

volcanoes (Castruccio and Clavero 2015)).
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Eruption rate, transport mechanism, deposit thickness and volume, and grain coarseness
may all also affect the degree of damage or destruction of vegetation (Dale, Delgado-
Acevedo, et al. 2008} Ayris et al. 2012; Swanson, Jones, et al. [2013; Zobel et al. |1997)).
The temperature of deposit emplacement (for example, high temperature PDCs versus
cold lahars) may be significant in controlling the style and extent of damage (Charbonnier
et al. 2013). Chemical characteristics, including volatile species, soluble salts or mobile
trace elements, may influence vegetation impacts and the longevity of environmental
damage. For example, the presence of chlorine in volcanic gas can cause chemical toxicity
in vegetation and acidification through ash deposition, contributing to vegetation loss
(Swanson, Jones, et al. 2013; Lowenstern et al. 2012} Dale, Delgado-Acevedo, et al.
2008). Volcanic deposits can influence vegetation patterns by affecting soil structure
and composition (Ayris et al. 2012; Dale, Delgado-Acevedo, et al. |2008). In forested
environments, the degree of damage is dependent on the duration and/or frequency of
exposure to eruption impacts, with sustained exposure likely to impede recovery (Foster
et al. |[1998]), as well as the mechanisms involved and their relative magnitude. Recovery
timescales are influenced by local climatic and environmental conditions, the extent of
environmental degradation (e.g. hydrographic changes, soil burial) caused directly by
the eruption, and the nature of the local forest ecosystem. For example, regrowth and
succession timescales in tropical forests can be very rapid in comparison to high-latitude
environments (Moral et al. [1993; Foster et al. |1998; Gillman et al. 2015). Patterns of
damage can also vary between eruption processes. Tephra fall deposits or blasts typically
produce sectoral patterns decaying away from the eruption site. In contrast, lava flows,
lahars and PDCs have a more linear impact pattern, mainly influenced by topography,
with similar degrees of damage along the main transport pathway (Foster et al. |1998).
Volcanic gases contribute to vegetation damage, both during an eruption or via passive
emission, and either indirectly (e.g. soil alteration or acid rain) or directly (e.g. direct
gas exposure leading to plant death) (Lowenstern et al.|[2012; Smith (1981} Delmelle 2003;

Gerlach et al. 2001)).

The disturbance pattern has an influence on the post-eruption recovery of vegetation
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(Foster et al. [1998). Linear disturbances from lahars, lava flows and PDCs, may be ad-
jacent to healthy, relatively undisturbed and mature vegetation, with a sharp boundary.
This influences recovery and succession at the margins of damaged areas, with nearby
seed sources promoting regrowth within narrow damage zones (Foster et al.|1998). Con-
versely, sectoral patterns of disturbance from blasts or tephra fall are characterised by
gradational damage patterns. The most intensely damaged parts of these regions may
be slow to recover due to their distance from undamaged vegetation and the severity of
damage (Dale, Delgado-Acevedo, et al.|[2008), while marginal zones may recover rapidly.
Surviving plant matter is key to recovery as it is essential to instigate regrowth (Franklin
et al. 2000; Franklin |1990; Dale, Crisafulli, et al. |2005). Post-disturbance vegetation re-
covery rates can vary, and may be exponential or linear depending on vegetation type,
the stage of regrowth and how the recovery is measured (Viedma et al.|1997; Jong et al.

2012; Buitenwerf et al. 2018; Bonesmo et al. [1999; Bastos et al. 2011]).

2.1.2 Estimation of Forest Properties from Satellite Data

Satellite data provides global information about the state of vegetation (Dorigo et al.
2007). Forest characteristics used to assess health and growth rate, such as tree height,
tree diameter and wood density, are not directly measurable from satellite imagery
(Brown et al. 1989). However, there are well established relationships between many
satellite-derived metrics and forest-derived physical characteristics (Mitchard et al. 2009;
Santin-Janin et al. 2009)). The relationship between the optical reflectance spectrum (be-
tween 400-15,000 nm wavelength, containing the visual, infrared and thermal bands) and
vegetation is relatively well understood. The reflectance of a forest largely depends on
characteristics of leaves and soil, including leaf structure, chlorophyll content and soil
moisture, giving a direct indication of plant health (Jacquemoud et al. |1990). However,
the application of optical data is limited by cloud cover or regions of high biomass where

the signal saturates (Song 2013]).

Satellite radar, dominantly Synthetic Aperture Radar (SAR), (~ 3-100 cm wavelength)

is not limited by time of day or cloud cover (Kim et al. |2012). Radar can also return
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information about vegetation heights due to its longer wavelength, allowing it to pen-
etrate through the top vegetation layer (Treuhaft et al. [1996; Balzter [2001)). Different
radar wavelengths interact with different sized scatterers and reach different depths of
the canopy. Generally, smaller scatterers are near the top and larger scatterers near the
bottom of the canopy, and increasingly longer wavelengths are therefore able to pene-
trate through the canopy down to the forest floor (Woodhouse 2017). Vegetation can
be monitored using radar backscatter, phase coherence and polarimetry (Treuhaft et al.
1996; Askne et al.|1997; Evans et al. 1988)). Backscatter in particular, is used to estimate
forest biomass, on the basis of empirical relationships (Woodhouse 2017; Mitchard et al.

2009) that are strongest at longer wavelengths (Woodhouse 2017; Mitchard et al. |2009).

2.1.3 Volcanic Eruption Impacts on Forests

The impact of explosive eruptions on vegetation has been investigated in detail at a hand-
ful of historical eruption sites (e.g. Mt St Helens, USA, 1980; Unzen, Japan, 1990-1995;
Chaitén, Chile, 2008; Cordon Caulle, Chile, 2011)(Moral et al. |1993; Dale, Swanson, et
al.[2005; Martin et al.[2009; Lai et al.[2022; Swanson, Jones, et al.[2013} Biass et al.[2022}
Easdale et al. 2018; Smathers et al. [1972)). There have also been regional investigations
of ecosystem structures in eruption-impacted regions (e.g. (Grishin et al. |1996)) and
global studies of specific impact types (e.g. tephra fall; (Biass et al. [2022; De Schutter
et al. 2015; Easdale et al. 2018)). Studies that rely on field measurements, such as ash
thicknesses or vegetation samples, tend to capture only one or a few points in time after
an eruption (Martin et al. 2009; Swanson, Jones, et al. 2013). A subset of studies use
tree ring data to understand the impact of volcanic eruptions on forests, demonstrating
at a number of volcanoes (including Parictuin, Colima and Tacana) that ashfall inhibits
growth of trees during eruption periods (Biondi et al. 2003} Carlon Allende, Macias, Men-
doza, and Villanueva Diaz|2020; Carlon Allende, Macias, Mendoza, and Diaz[2022). Tree
rings have also been used to identify lahar activity and pre-eruption enhanced growth
through measurement of stable oxygen isotopes in tree rings (Franco-Ramos et al. 2016

Seiler et al. 2021)).

24



Chapter 2. Satellite Measurement of Forest Disturbance from Volcanic Eruptions

Satellite studies rely primarily on metrics derived from optical imagery (Li et al. [2018;
De Schutter et al. [2015; Easdale et al. 2018} Lai et al. 2022} Teltscher et al. 2018, Biass
et al. [2022; Balzter [2001). While satellite radar data are widely used to investigate
effusive and explosive volcanic deposits (Dualeh et al. |2021; Ebmeier et al. 2012; Jung
et al. |2016; Babu et al. |2019), the focus is primarily on volcanic flow deposits (Head
et al. 2012; Macorps et al. 2023) and studies can avoid vegetated areas, as they are a

source of phase decorrelation (Zebker et al. 1992).

2.1.4 The 2015 Eruption of Calbuco

Calbuco is an andesitic arc stratovolcano located in the Southern Chilean Andes at 41.3°
South. The land to the west is agricultural, but the flanks of the volcano and the land
to the east and south are densely forested, and relatively undisturbed by human activity
(Figure[2.1). The volcano has an elevation of 1974 m and is in a temperate broadleaf and
mixed forest, characterised by high species diversity and high endemism (Olson et al.
2001; Echeverria et al. 2006). The climate at Calbuco is temperate oceanic, resulting in
heavy rainfall throughout the year but with relatively warmer and drier summers (Peel
et al. 2007). In the 100 years prior to the VEI 4 2015 eruption, Calbuco experienced
explosive eruptions in 1972, 1961, 1945, 1932, 1929, 1927, and 1917; all of these had
lower estimated magnitudes (VEI 3 or lower) than the 2015 eruption (Global Volcanism
Programme [2015; Romero, Morgavi, et al. 2016). Historical eruptions have involved
tephra fall deposition, lava flows, lahars and PDCs (Global Volcanism Programme |[2015)).
Although these previous eruptions have impacted the forested flanks of Calbuco, their
lower magnitude means that their footprint was likely smaller than the 2015 event, and
the 43 year hiatus in activity since the previous eruption has provided a long recovery
period. There are detailed independent observations of the 2015 eruption, with some
mention of specific damage to vegetation (Castruccio, Clavero, et al. [2016; Romero,

Morgavi, et al. [2016; Van Eaton et al. 2016]).

25



2.1. Introduction

Ash Isopach =PDC Lahar

2000m

1500m

1000m

500m

Oom

=\Water mTrees =Crops = Snow/lce
Rangeland =Bare ground =Built area

Figure 2.1: A) Sentinel-2 optical satellite image showing the location of Calbuco within
Chile, and in relation to the capital of Santiago B) Sentinel-2 optical satellite image
showing the location of Calbuco with the Sentinel-1 tile used, with the line of sight and
azimuth direction shown. C) Sentinel-2 optical satellite image showing the location of
PDC, lahar and tephra deposits from a combination of Hayes et al. , Mella et al.

(2015)), Castruccio, Clavero, et al. (2016), and Romero, Morgavi, et al. (2016 and our
own mapping. D) ESRI land cover map of Calbuco in 2022. E) A TanDEM-X digital

elevation Model of Calbuco. The geographic extents of panel D and E are the same as
panel C. Where necessary the keys required are below their relevant panel.

The 2015 eruption of Calbuco began on the evening of the 22°4 of April and involved
two main explosive pulses. The initial pulse began soon after the start of the erup-
tion and lasted ~90 minutes, generating a 15 km high plume dispersed on an azimuth
of 48°. A second, more intensive pulse followed on 23" April, lasting six hours and
generating a >15 km high plume, dispersed on an azimuth of 55° (Romero, Morgavi,
et al. . Umbrella cloud expansion patterns suggest slightly different dispersal axes,
of ~35° for the first pulse, alongside a more northerly component, and ~50° for the
second pulse (Van Eaton et al. , broadly consistent with the dispersal axes con-
structed from tephra deposits in Castruccio, Clavero, et al. . Continued venting,
with columns <2 km high, occurred over several days, with a further pulse and 4 km

high column on 30" April (Romero, Morgavi, et al. 2016). The eruption caused tephra
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fall to the NE of the volcano, as shown by the isopachs in Figure from Romero,
Morgavi, et al. (2016]). Romero, Morgavi, et al. (2016)) identify four units in the tephra
fall deposits, interpreting the two larger-volume central layers as corresponding to the
two main eruption pulses, with the bounding layers representing activity leading into
and out of these phases. Dispersal patterns of the two thickest layers are consistent with
the satellite-observed dispersal directions, although constraints on very proximal depo-
sitional patterns are limited due to inaccessibility on the flanks of Calbuco. The total
tephra fall deposit volume was estimated at 0.27 km® (Romero, Morgavi, et al. 2016))
(a separate estimate of 0.34 km? is given by Castruccio, Clavero, et al. (2016))), with
~38% of the volume erupted from the first pulse, and ~46% from the second pulse (the
remaining volume being erupted by subsequent activity) (Romero, Morgavi, et al. 2016).
Pyroclastic flows, channelised within radial valleys, occurred on the N, NE, W and S
flanks of the volcano, as seen in Figure (based on previous channel deposit maps
and our own satellite observations), reaching up to 8 km from the vent and with a total
bulk volume of ~0.07 km? (Global Volcanism Programme [2015; Castruccio, Clavero,
et al. 2016; Romero, Swanson, et al. 2023). Concentrated PDCs were generally chan-
nelised along river valleys, with more extensive impacts to a distance of 4 km NE of the
vent. Within areas impacted by concentrated PDCs, deposits reached several metres in
thickness, and vegetation death occurred through toppling, burial, and charring, with
flow temperatures estimated at ~500°C. Marginal zones, scorched by dilute PDCs, did
not experience total death of vegetation, with surviving trees subsequently re-sprouting
(Romero, Swanson, et al. 2023)). Syn-eruptive lahars extended down river channels be-
yond the limits of PDC deposits, extending to coastal or lake outflows to the N, S and
E (Global Volcanism Programme 2015; Castruccio, Clavero, et al. 2016|). Following the

0t® of April, low level activity continued through-

final explosive eruption episode on the 3
out May until the eruption was deemed to be over on the 26" of May (Global Volcanism

Programme [2015)).
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2.2 Methods

2.2.1 Data
Optical Imagery

We extracted surface reflectance data from Sentinel-2 and Landsat 8 through Google
Earth Engine. Sentinel-2, comprising Sentinel-2a and Sentinel-2b, has a 5 day repeat
time with spatial resolution of 10 m and Landsat 8 has a 16 day repeat time with 30 m
spatial resolution. The level 2 data used in this work have been atmospherically corrected
(Main-Knorn et al. 2017; Vermote et al. |2016). We then used Google Earth Engine to
remove any acquisitions with more than 40% cloud cover. A cloud mask using the pixel
Quality Assurance band (Foga et al. 2017; Main-Knorn et al. 2017) was applied to the
remaining dataset, and any images that still contain clouds were removed manually. This
resulted in a dataset of 79 Landsat-8 images and 162 Sentinel-2 images spanning from

June 2013 to May 2023.

Radar Imagery

We used radar images obtained from Sentinel-1 (from descending track 83), a satellite
constellation that consisted of Sentinel-la and Sentinel-1b (until Sentinel-1b failed on
the 23™ of December 2021). Sentinel-1 uses a C band (6 cm) synthetic aperture radar
(SAR), with a revisit time of 6 days (when la and 1b are combined) and a geometric
resolution of 5 m x 20 m in interferometric wide swath (IW) mode, which is the default
mode over land (Torres et al. 2012). We used 201 Single Look Complex (SLC) images
from October 2014 until June 2023, accessed through the Nasa ASF data portal. We
limited our analysis to single polarisation (VV), as dual polarisation was not available
for all acquisitions. The SLCs are geo-referenced, focused SAR images in slant range

geometry.
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Study Areas

Throughout this article, we use five sites around Calbuco (Figure to illustrate the
impact of different volcanic deposits on vegetation and recovery rates. We selected three
areas impacted by tephra fall, one impacted by channelised PDC deposition and one
area not directly impacted by the eruption material. The study sites have been selected
to only contain pixels impacted by the specified deposit type, and the mean pixel value
is then taken for each study area. The style of initial impact was independently verified
using reported post-eruption observations (Global Volcanism Programme [2015; Hayes
et al.|2019; Van Eaton et al.|2016; Romero, Morgavi, et al.|[2016). A detailed description

of these study areas is provided in Section A2 in the appendix.

2.2.2 Optical Remote Sensing

We used the optical imagery to calculate Normalised Difference Vegetation Index (NDVI),
a widely used index that utilises the relationship between chlorophyll reflectance in the
infrared and red spectral bands to assess quantity and health of vegetation (Santin-Janin
et al. 2009; Myneni et al. [1995; Veloso et al. 2017; Goetz et al. 2006; Bai et al. 2008}
Tian et al. 2015). We chose this index over alternatives such as the normalised burn
ratio or enhanced vegetation index because it is a traditional vegetation index that has
been proven to be effective in showing vegetation disturbance and recovery, particularly
for characterising post-fire recovery (Veraverbeke et al. 2012; Chen, Vogelmann, et al.
2011; De Schutter et al. 2015). We expect it will perform better at differentiating vol-
canic impact types, and assessing vegetation health, rather than just structural changes,
as it is chlorophyll sensitive and better suited to areas of changing topography (Roy,
Boschetti, et al. [2006; Matsushita et al. 2007; Lai et al. 2022).

NDVT values range from -1 to 1; dense, healthy vegetation is indicated by strong posi-
tive values, due to high near infrared reflectance and low red reflectance associated with
chlorophyll containing cells, while values close to zero or negative indicate non-vegetated

areas. We generated time series of NDVI to highlight areas of significant change and to
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capture the footprint of volcanic deposits (De Schutter et al. 2015; Gouveia, DaCamara,
et al. 2010; Marzen et al. 2011; Gouveia, Trigo, et al. 2009; Michener et al. [1997; Lu

et al. 2012} Chou et al. [2009; Easdale et al. 2018]).

2.2.3 Satellite Radar Backscatter and Coherence

SAR sensors emit an electromagnetic pulse and measure the returned signal that is di-
rected back from the ground (backscatter). We estimated backscatter from the Sentinel-1
dataset using the GAMMA remote sensing software (Werner, Schmid, et al. 2018]) follow-
ing the processing steps outlined by Werner, Wegmiiller, et al. (2000)) including terrain
correction and radiometric calibration, summarised by Figure We limited our anal-
ysis to five bursts (2-6, middle swath, descending track 83). The SLC was deramped
to account for the Doppler centroid generated by the TOPS ScanSAR mode (Yagiie-
Martinez et al. 2016), and the 5 bursts were mosaicked together and co-registered to a
common date (23/10/2014). We multi-looked over a window size of 10 x 2 in the range
and azimuth direction respectively to produce a multi-look intensity image (MLI) (Lee,
Grunes, et al. [1994). We performed terrain corrections and radiometric calibrations us-
ing the TanDEM-X digital elevation model to mitigate for the impact of topography on
backscatter, remove geometric and radiometric image distortions and decrease sensitivity
to fluctuations in incidence angle (Dualeh et al. [2021; Meyer et al. 2015; Small |2011)).
We geocoded the images using the same DEM to produce 201 backscatter images. We
then produced time series of backscatter for the 5 study areas by averaging the pixel
values. We produced backscatter difference maps to view the changes associated with

the eruption impacts and post-eruption regrowth.

We constructed interferograms for the sequential 24-day pairs within our dataset and
estimated phase coherence for each pair using a 5 x 5 sliding window (Hanssen [2001)).
We chose 24-day coherence due to the temporal resolution of our dataset, in order to
maximise the number of coherence images we could use for cluster analysis. Interfero-

metric phase coherence is commonly characterised by estimating the complex correlation
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coefficient between two SAR images and ranges from 0 (completely incoherent) to 1 (com-
pletely coherent) (Just et al.|1994). Rapidly changing surfaces, like vegetation, will have
low coherence (values close to 0) compared to more stable scattering surfaces, like bare
ground, which have high coherence (values closer to 1) (Zebker et al. |1992; Babu et al.
2019; Dualeh et al. [2021)). Damage to the vegetation due to volcanic deposits should be
detected by changes in coherence, with vegetation loss resulting in a more stable sur-
face and higher values of coherence. We produced time series of coherence, and use the

convention of plotting coherence for each interval as the first date in the pair.

2.2.4 Cluster Analysis

We generated a time series for each of the pixels in the NDVI, backscatter and coherence
datasets and used k-means clustering (Likas et al. 2003) to group the pixels sharing
common trends. Before clustering we downsampled the images by a factor of 2 in both
the azimuth and range directions, and removed acquisitions that have more than 10%
NaNs. We removed any remaining NaNs by 2D linear interpolation, followed by zero-
padding any regions unable to be interpolated. We found the optimal number of clusters
for each dataset through experimentation and iterative refinement. For each dataset the

k-means algorithm was run 10 times with different centroid seeds.

2.3 Results

2.3.1 NDVI

We show the changes in NDVI with time in Figure for five selected study sites
representing different initial impacts. Areas impacted by tephra fall deposition (Figure
panels A and B) all show an immediate decrease in NDVI of up to 85%, followed
by a relatively rapid initial recovery until around 2018, when the rate of recovery slows
but continues to increase steadily towards pre-eruption values. The magnitude of the
co-eruptive decrease in NDVI correlates with the thickness of ash deposition (and the
distance from the vent), as expected. However, the initial rate of recovery is highest for

the region closest to the volcano. By early 2017, this region has higher NDVT values than
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the other two tephra-impacted areas, by around 15%. This is in contrast to what would
be expected if recovery rate were simply proportional to tephra thickness. The PDC-
impacted area shows a different trend: immediately after the eruption, NDVI decreases
by 99%. Compared to the tephra-fall areas, there is little recovery in NDVT until 2019,
after which it increases linearly. By 2023, the NDVI in channels affected by PDCs is still

well below pre-eruption values.

NDVT change is shown in panels E-G for three periods spanning the eruption. Panel
E shows the change in NDVI from a year pre-eruption (26/02/2014) to 6 months post-
eruption (27/10/2015). The change here is likely to be dominated by co-eruptive impacts,
and NDVT change is negative for all areas impacted by the eruption. This decrease is most
intense in the vicinity of the volcano and towards the north-east, correlating closely with
the area of thickest (and coarsest) tephra fall deposition (Romero, Morgavi, et al. 2016).
This gradation in NDVI (plotted in increments of 0.15) corresponds well to previous
tephra-fall deposit isopach maps (Romero, Morgavi, et al. [2016; Hayes et al. |2019),
but highlights finer scale spatial variation than is evident in field-based ash-thickness
reconstructions (which are extrapolated from a small number of point measurements).
Panel F shows the post-eruption recovery in NDVI over a period of 7 years and 4 months
(until 17/02/2023). Over this time, NDVI increases with a magnitude corresponding
closely to the initial decrease in Panel E. There are some differences at a finer scale,
implying that recovery may also be influenced by local factors, such as topography,
slope aspect, altitude or soil conditions. Despite greater initial impacts, the forests
affected by the thickest tephra fall deposits have recovered to similar NDVI values as
those areas affected by thinner deposits over the 7 year timescale. Panel G shows the
total change in NDVI from a year pre-eruption (26/02/2014) until almost 8 years post-
eruption (17/02/2023). The overall change throughout the image is close to zero, but
isolated patches to the north east of the volcano still show the imprint of tephra-fall. We
note that these remaining patches of lower NDVI are discontinuous and do not simply
correspond to the extent of initial NDVI reduction. The strongest residual impact on

vegetation is in the channels affected by both PDC and lahar deposition.
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Figure 2.2: A) NDVI time series of 1 unaffected area (black), 3 tephra impacted areas (at
3, 5 and 8 km from the vent) in light blue, dark blue and purple respectively and 1 PDC
affected area (red). Time of eruption is indicated by the red dotted line. We generate
time series by calculating the average NDVI value within the defined study area. For
a given acquisition, if any study area has >10% of pixel values (likely due to clouds) it
was removed from the analysis. B) Pre-eruption NDVI image (26/02/2014) highlight-
ing the location of the 5 study areas, C) Post-eruption NDVI image (27/10/2015), D)
post-recovery NDVI image (02/02/2023), E) NDVI difference image demonstrating co-
eruptive change (26/02/2014 - 27/10/2015), F) NDVI difference image demonstrating
post-eruption change (27/10/2015 - 17/02/2023) G) NDVI difference image demonstrat-
ing total change in NDVT (26/02/2014 - 17/02/2023).

Figure [2.3 illustrates the relationship between tephra-fall deposition and NDVI, and
shows 8 areas at increasing distances along a line of approximately 60°azimuth, chosen
to align with the dispersal axis of tephra deposited from the most intense phase of the
eruption (Romero, Swanson, et al. . With increasing distance, the co-eruptive

decrease in NDVI gets smaller until around 16 km, beyond which there is no clearly

33



2.3. Results

detectable eruption impact in the NDVI. Based on post-event mapped isopachs, this
distance equates to around 15 cm of ash deposition (Hayes et al. 2019; Romero, Morgavi,
et al.2016). Within this 16 km transect, the post-eruption recovery of NDVT is slowest in
the most proximal areas, but follows a similar recovery trend at all sites, of a rapid initial
increase followed by a steady, slower increase back towards pre-eruption values. Locations
beyond 10 km return to pre-eruption values within 2 years following the eruption. The
three locations closest to the volcano take substantially longer and are yet to fully recover
to pre-eruption values. The impacts of tephra fall within a distance corresponding to the
~20 cm isopach are more substantial and persistent than zones beyond this thickness,
with an average NDVI decrease of 0.58 and minimum recovery time of 5 years. Within
distances of 10 km, there is a strong seasonal signal evident in the NDVTI recovery period,
particularly from 2020 onwards. This seasonality signal appears to strengthen as the
forest recovers (but we note that winter data gaps in the earlier recovery period may
obscure seasonality signals from 2015-2020). We speculate that this could relate to a
stronger seasonal growth signal from early successional vegetation on the forest floor,
following canopy damage, rather than a tree-dominated mature forest signal from the

relatively less damaged region beyond 10 km.
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Figure 2.3: A) Time series of NDVI at 8 locations of increasing distance from Calbuco,
the eruption marked by a red dotted line, B) pre-eruption NDVI image (26/02/2014)
with the 8 locations indicated and the ash isopachs from Romero, Morgavi, et al. ,
C) post-eruption NDVI image (27/10/2015) showing the locations and ash isopachs.

2.3.2 Backscatter

The backscatter data has been referenced to an average background value of the mean
backscatter for all pixels excluding the volcano and the areas to the north and east (the
directly impacted areas). Radar backscatter is most strongly affected where there is a
change from volumetric to surface scattering (e.g., due to forest canopy loss or changes to

local slope). Immediately following the eruption, there is a sharp increase in backscatter
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wherever vegetation was damaged (Figure , with the greatest increase in the most
proximal areas, affected by tephra fall deposition. Following this, all affected locations
show a decline in backscatter, which had not returned to pre-eruption values consistently
by 26,/06/2023. The variation in the backscatter values after the eruption onset is greater
than before the eruption. The variance decreases with recovery, but does not reach
pre-eruption values (Appendix Figure . Panel E in Figure shows an increase
in backscatter around the vent and a slight increase towards the north east, broadly
corresponding to the area affected by thickest tephra fall deposition (isopachs of >30 cm),
but without the clear gradation evident in NDVI. The negative backscatter difference to
the NE of the vent (panel F) correlates with the initial positive increase, again showing
a less gradational pattern to that observed in NDVI. Recovery trends are less evident
in the backscatter, but some increase is evident in PDC channels and proximal tephra
zones, but with no discernible difference between these two impact types in terms of
backscatter recovery rates. This is likely due to the loss of vegetation or changes to
its structure, which lead to minor alterations to the scattering pathway, resulting in
backscatter changes in areas affected by both tephra fall and PDC deposits. The overall
change in average backscatter is minimal, with the strongest changes occurring close to
the volcano. These changes show an offset concentric pattern, which may be due to

structural changes at the vent or long-term changes in snow and ice cover.
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Figure 2.4: A) Backscatter time series for 5 areas around Calbuco, the backscatter is
referenced to the average value of the image with the volcano and directly impacted
areas removed. If any box in a given acquisition has values for >10% of the pixels it was
removed from the analysis. B) pre-eruption backscatter (23/10/2014) image showing
the study area locations, C) post-eruption backscatter (15/05/2015) image, D) Post-
recovery backscatter (02/06/2023), E) Backscatter difference showing co-eruptive change
(23/10/2014 - 15/05/2015), F) backscatter difference showing post-eruption change
(15/05/2015 - 02/06/2023), G) total change backscatter (23/10/2014 - 02/06/2023).

2.3.3 Coherence

Changes in phase coherence for a 24-day temporal baseline are shown in Figure [2.5]
plotted at the time of the first image in the pair, for the same study areas assessed using
NDVTI and backscatter (Panel B). The pre-eruption correlation values are very low (<0.3)
over the undisturbed forest. At the time of the eruption (red dotted line) they decrease to
0-0.1, due to the phase changes associated with the eruption deposits, before increasing

steadily to 0.4 by early 2016, due to vegetation loss and an increase in exposed ground
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surfaces. From mid-2016 onwards the coherence values in the channels where PDCs
and lahars have removed all vegetation are generally higher than those areas affected by
tephra fall deposition. In areas affected by tephra fall, there is a decrease in coherence
values lasting several years, returning to pre-eruption values by 2022. This contrasts
with the NDVI, where tephra fall impacted areas generally reached pre-eruption values

after 5 years. Within the channels, coherence values remain high but very variable.
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Figure 2.5: A) Time series of 24-day coherence at 5 locations around Calbuco, the date
is taken as that of the first image in the coherence pair B) pre-eruption (23/10/2014 -
16/11/2014) coherence image showing the study area locations C) post-eruption coher-
ence image (15/05/2015 - 08/06/2015) D) a post-recovery coherence image (28/12/2022-
21/01/2023) E) Co-eruptive coherence change formed by a pre-eruption coherence im-
age (23/10/2014 - 16/11/2014) and a post-eruption coherence image (15/05/2015 -
08/06/2015) F) post-eruption coherence change from a post-eruption coherence image
(15/05/2015 - 08/06/2015) and a 6 year post-eruption coherence image (01/05/2021 -
25/05/2021) G) Total coherence change from pre-eruption (23/10/2014 - 16/11/2014)
to 8 years post-eruption (28/12/2022 - 21/01/2023).
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We generate coherence difference maps (Figure panels E-G) to highlight changes in
coherence throughout the eruption and recovery process, and to show how coherence
evolved from pre-eruption to 8 years post-eruption. The eruption of Calbuco caused an
immediate drop in coherence in most areas around the volcano (Figure panel E),
but also in areas known not to have been affected by the eruption (e.g., to the south),
such that the eruption-affected area is not clearly delineated. However, during the six-
year post-eruption period (Figure panel F) there are strong increases in coherence,
particularly in channels around the volcano and some patches to the N and E. These
patches match those areas affected most strongly by tephra fall in the NDVTI data, but
other patches are also present to the SE, which were less discernible in the NDVI data.
The total change in coherence from pre-eruption to post-eruption is around zero in most
of the surrounding forest, with increases in coherence limited to a concentric zone around
the volcano summit, within channels, and within a small proximal zone towards the NE

(Figure panel G) where damage to the forest was most severe.

2.3.4 Classification of Impact Zones

We perform k-means cluster analysis for all pixels in our NDVI and 24-day phase co-
herence datasets, grouping pixels with similar time series to produce clusters. We found
that our backscatter time series were too noisy to identify meaningful clusters (Appendix
Figure[A.3). During the period spanning the eruption (26,/02/2014 - 09/02/2016), NDVI
forms 8 clusters with similar impact trajectories that strongly delineate a radiating sec-
toral damage pattern similar to known tephra fall deposit patterns in Figure (panels
A and B). During the post-eruption recovery period (12/03/2016 - 13/04/2023), the
cluster analysis also forms 8 clusters, but reveals a different spatial distribution. Cluster
distribution is dominated by channels and higher topographic areas, rather than a sec-
toral pattern (Figure panels C and D). We cluster the coherence time series spanning
the post-eruption period from 27/02/2016 to 12/01/2019, due to a loss of coherence over
the co-eruptive period, forming 6 clusters (Figure panels E and F). This outlines an
impact pattern NE of the volcano that is consistent with the NDVI clustering but less

spatially extensive, and emphasises channels. Linear changes to the west of Calbuco,
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grouped within the same clusters, are due to forest clearing that occurred during the
eruption and recovery period. One cluster of the coherence time series (labelled 'tephra
zone c/topography’) does not correspond to any spatial pattern of deposits but aligns
with areas of higher elevation (see Figure panel E). Local environmental factors re-
lated to altitude, topography or variations in vegetation type, could explain this cluster

in the coherence data.
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Figure 2.6: A) NDVI clustering over the eruptive period (26/02/2014 - 09/02/2016),
producing 8 clusters, B) time series for the median pixel value of the 8 NDVI clusters, c)
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for the 6 coherence clusters.
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2.4 Discussion

2.4.1 The Impact of the 2015 Calbuco Eruption on Vegetation

Different aspects of the Calbuco 2015 eruption and recovery of the surrounding forests
are captured by optical and radar imagery. The immediate eruption impacts are clearest
in a sudden NDVI decrease over all areas affected by PDCs, lahars and tephra fall up to
approximately 15 cm deposit thickness (Figure F, Appendix Figure . While the
decrease in NDVT effectively shows gradational changes corresponding to eruption impact
intensity, backscatter values only pick out high magnitude change within a few kilometres
of Calbuco’s summit. Part of this backscatter increase, perhaps related to slope changes
close to the vent, remains 8 years post-eruption. Some backscatter increase in channels is
also evident due to vegetation loss or structural changes (Figure E, F, G, Appendix
Figure . The increase in backscatter variance from pre-eruption to post-eruption
may be due to structural changes to the vegetation, and would be consistent with the
vegetation coverage becoming less homogeneous, a change that may not be apparent in
the NDVI or the coherence. The forests around Calbuco typically have relatively high
backscatter and very low coherence values. As such, the loss of vegetation, resulting
in the creation of temporarily stable surfaces in the channels affected by both PDCs
and lahars, is strongly highlighted by a post-eruption increase in coherence, which is
also evident in NDVI. Similar coherence mapping also identifies the areas of thickest
tephra deposition, but without the fine gradation evident in the NDVI dataset. While
the optical data provides a detailed view of vegetation health changes, the radar imagery
complements this by highlighting structural changes and areas of high magnitude impact.
As such, using and comparing multiple datasets provides insight and flexibility, especially
in cases where one type of data may be limited (e.g. cloud coverage limiting optical image

acquisitions).

2.4.2 Post-Eruption Forest Recovery

Vegetation recovery trends, observable in both the optical and radar datasets, can be

linked to the intensity of the eruption impacts and to the type of vegetation damage.
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Areas affected by tephra fall began their recovery within 6 months of the eruption, with
rapid increases in NDVI occurring in the first few years. This is indicative of vegetation
damage rather than death, decreasing with distance from the volcano up to around 20 km,
along a gradient defined both by decreasing tephra thickness and coarseness. The lack of
extensive zones of increased phase coherence, away from the eroded channels, indicates
that trees were not damaged to the extent that the signal became dominated by the
more stably scattering forest floor. In contrast, the PDC impacted channels experienced
a larger immediate decrease in NDVI and also a much slower recovery rate, with little
evidence for any regrowth in the 5 years immediately post-eruption. This is also clear in
the higher phase coherence values in channels over this time. This is consistent with total
vegetation loss and burial within these channels (Romero, Swanson, et al. 2023)) and with
high levels of channel activation (e.g. lahars) and instability persisting for several years,
preventing any vegetation recovery. After 2019, the gradual onset of NDVI recovery
suggests channel stabilisation and the growth of a sparse successional assemblage, which
then exhibits a linear rate of recovery. This period also corresponds to an increase in
post-eruption NDVI at the perimeters of the channels (Figure panel E), showing
that initial stages of vegetation recovery develop from channel margins, likely due to
the proximity of healthy vegetation and potentially to less extensive initial damage or
ongoing rates of erosion. A field campaign undertaken in December 2023 confirmed the
regrowth pattern of vegetation at the edges of these channels (Figure . We use NDVI
as a way to map channel evolution during and following the eruption. Where channels are
marked by vegetation at their edges, satellite NDVI measurements capture initial flow
width (including bank erosion and overtopping) and then the gradual narrowing of this
damaged region as vegetation recovers post-eruption. Figure shows a clear decrease
in NDVI at the time of eruption across all studied channel transects. In locations also
affected by tephra fall, the specific channel impacts are hard to discern, because the
NDVTI is initially low across the whole transect (Figure transects 1,2,3), but where
there was no tephra deposition (channel 4) the initial impact and recovery patterns are
clearly constrained. These transects also highlight changes in active channel patterns

driven by the eruption, including a new channel in transect 2 and widening of channels
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Figure 2.7: NDVI transects at different channel locations around Calbuco show the
impact of flow deposits on vegetation and how they recover post eruption. Transects
1-4 (locations shown on the Sentinel-2 image) show the changes in NDVI from pre-
eruption, 6 months post-eruption and almost 8 years post-eruption. Images A-D show
the vegetation at the edges of channels from a field campaign in December 2023. E)
Post-eruption NDVI change highlighting the pattern of NDVI increase on the channel
perimeters.

2.4.3 Vegetation Damage as a Proxy for Tephra Thickness

Cluster analysis is advantageous for the classification of vegetation impact and recovery
as it utilises the full trajectory of damage and recovery to differentiate between processes
(Figure . Clusters of the time series highlight structure in the proximal impact zone
and in the PDC affected channels (Figure that are harder to discern in the maps
of NDVI or coherence change alone. Several of the clusters from the NDVI co-eruption
cluster analysis form a concentric sectoral pattern, which we infer to reflect the true
shape of tephra-fall deposit isopachs close to the volcano. Although our cluster bound-
aries are not strictly quantitative indicators of tephra deposit thickness (and the number
of boundaries is dependent on our selected discretisation), they mark zones of similar

initial damage and similar recovery rate, which we expect to correlate closely with tephra
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thickness. This interpretation is supported by the very clear spatial correspondence be-
tween the axes of the cluster-defined pattern and the observed distribution directions
of the two main eruption pulses: the cluster analysis picks out two discrete transport
trajectories (at approximately 40° and 65°), with the sector along the southerly axis
extending slightly further from the vent, consistent with the larger volume and column
height of the second eruptive pulse. This pattern is most clearly evident in the NDVI
cluster analysis, on which we base our re-defined isopach distribution, but is also evident
in the coherence cluster analysis (Figure panel E). The spatial pattern of the clus-
ter analysis thus closely corresponds to the expected tephra fall dispersal patterns, and
picks out spatial relationships and the impacts of discrete eruptive phases that would
simply be unobservable based on the resolution of point-based field measurements. The
challenges with producing accurate proximal isopachs based on field measurements is
evident in Figure [2.8] with a substantial discrepancy between two published proximal
isopach patterns, neither of which constrains the spatial form evident in our NDVTI clus-
ter analysis. Using our NDVI clusters we re-estimate the tephra deposition isopachs.
We calibrate our NDVT cluster-based boundaries against the nearest ground based mea-
surements from Romero, Morgavi, et al. (2016), thus assigning an estimated numerical
value to each boundary and using this to define revised proximal isopachs. The thinning
pattern is consistent for all prior ground based measurements but one (24 cm), which we
consider may be an erroneous measurement as it is an outlier in terms of expected thin-
ning trends. Although there is some uncertainty in our approach, the isopach areas that
we redefine in this way show a clear exponential thinning rate, as expected in tephra-fall
deposits. This further validates our use of the cluster boundaries as a proxy for fall
deposit thickness. By combining our newly defined proximal isopach shapes (15 cm and
above) with previous mapping of more distal isopachs, shown in Supplementary Figure
M (less than 15 cm thickness; from Romero, Morgavi, et al. (2016))), we re-estimate
the volume of the eruption. Using the method from Pyle (1989) and Pyle (1995)), based
on two exponential segments, we obtain a re-estimated eruption volume of 0.28 km?, a

slightly higher value than the estimate of Romero, Morgavi, et al. (2016) of 0.27 km?3.
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Figure 2.8: NDVI clustered eruption impacts overlain with previous eruption isopachs
in black and our re-estimated isopachs, from the cluster analysis of NDVI, in white. A)
Comparing our re-estimated isopachs with the ash isopachs and field measurements of
tephra thickness from Romero, Morgavi, et al. B) Comparing our re-estimated
isopachs with isopachs from Hayes et al. )

Using NDVI change as a proxy for tephra thickness seems to be effective at Calbuco
only for deposits exceeding 15 cm, because thinner tephra deposition did not produce
measurable changes in NDVI. The thickness of tephra deposits that produce measurable
NDVI changes may vary between eruptions and likely has some dependence on tephra
density, grain size and vegetation type. It may also differ substantially between dry and
wet tephra deposition. Our observations imply that our method is most useful in the
proximal regions of larger magnitude eruptions with extensive tephra deposition. This
is nevertheless valuable, because these regions are often forest covered, inaccessible, and
may show the most complex depositional and damage patterns. A significant propor-
tion of deposit volume lies within these proximal regions, and our approach has strong
potential for revealing the complexities in eruption impacts in high-damage zones, to

complement field-based observations that can be more easily made in distal locations.

Cluster analysis can also provide insights into post-eruption vegetation recovery and how
this may be affected by local conditions. Clustering over different time windows, reveals
different spatial distributions of NDVI change (Figurepanel C and D), demonstrating
that recovery is not only dictated by the initial damage. This is apparent in some

regions closer to the vent, where zones impacted by thicker tephra deposits recover to
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pre-eruption NDVI values more rapidly than regions at a greater distance, with thinner
tephra deposits (Figure Panel A). The areas of slower recovery align with areas of
elevated topography (>1000 m) (Figure and Figure panel D), suggesting that
altitude and slope gradient may be factors that delay forest recovery. It has been shown
in previous studies how environmental factors influence vegetation recovery after damage

(Crk et al. 2009; Johnstone et al. 2010; Decker et al. 2003; Ireland et al. |2015).
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Figure 2.9: A) A comparison of vegetation damage vs recovery at increasing distance
(decreasing ash thickness), circles show maximum NDVI decrease immediately post-
eruption, triangles shows the time to recovery in years for the same areas in Figure
B) The recovery time of NDVI, recovery is defined as being within 1% of the pre-
eruption median value and is calculated on a pixel basis, with darker red being more
time to recovery and black pixels being yet to reach the pre-eruption value.

2.4.4 Link Between Impact and Recovery Time

The time taken for vegetation to recover is related to the intensity of the eruption’s initial
impact. Panel A in Figure 2.9 shows maximum NDVI change against recovery time
according to distance from the vent and tephra thickness (colour scale). The recovery
time is defined as the time when the NDVT value reaches within 1% of the pre-eruption
median. At just over 10 km distance (equal to around 20 c¢m tephra thickness) the initial
change in NDVI is approximately 0.3 and the time to recover is <3 years. Inside this
distance, loss of green vegetation is generally greater and recovery times are longer, with

some patches of forest that are yet to recover to previous NDVTI levels. In addition to local
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factors, the characteristics of the tephra itself may affect total recovery time. A previous
study on the impact of tephra fall on tree ring thickness showed varying amounts of
growth loss, possibly due to differing tephra thickness or characteristics (Carlon Allende,
Macias, Mendoza, and Villanueva Diaz 2020)). This relationship is not necessarily simple
and warrants further exploration. Although thicker tephra deposits at Calbuco clearly
show a correlation with increased initial damage, this doesn’t necessarily impede recovery.
Coarse tephra deposits (lapilli) are likely to form a permeable layer that protects the
underlying soil and allows water penetration and retention, plausibly benefiting tree
recovery. In contrast, finer and thinner ash deposits may be less permeable and promote
enhanced runoff and erosion. For the Calbuco eruption, initial damage nevertheless
shows a clear correlation with distance and tephra dispersal patterns, suggesting that
increased grain size and increased intensity of tephra fallout both led to greater damage.
Post-eruption photographs, including a field survey in 2023 (Figure , show that trees
throughout the region affected by intense tephra fall remained standing and generally
retained their branched form (away from the more intensely damaged zones adjacent
to channels). This suggests that initial damage likely involved a combination of tree
defoliation and the burial of ground vegetation, perhaps coupled with minor branch
breakage, but not extensive branch damage or tree felling. Field observations suggest
this was the case even in the areas of highest tephra fallout. This explains the very rapid
recovery of areas affected by tephra fall, with mature trees remaining in place and able
to re-sprout. Although this may appear surprising, given deposit thicknesses up to half a
metre or more, low density pumice lapilli may fall through canopies with relatively limited
damage. Had this deposition been wet, or accompanied by rainfall, the impacts and
recovery rate may have been quite different, especially in areas affected by finer-grained
(ash) deposition. As was observed from extensive mud-rain following the Krakatau
eruption in 1883 (Simkin [1983)), wet ash can rapidly coat and load branches, causing
extensive breakage and damage at much lower fall deposit thicknesses than occurred
at Calbuco. Such processes are likely to strongly influence forest recovery rates and

successional patterns, given the impacts on canopy structure.
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2.5 Conclusion

We investigate the use of NDVI, backscatter and coherence to identify forest distur-
bance and recovery after the 2015 eruption of Calbuco. We analyse time series from all
three methods, which show the co-eruptive change and post-eruption recovery. NDVI
drops sharply post-eruption due to vegetation loss or damage. The pattern of NDVI
loss and recovery shows a bilobate shape that corresponds closely with observed erup-
tion plume dispersal and the intensity of the two main eruption phases, indicating that
NDVT can be used as a proxy for tephra distribution. NDVI can also be used to map
changes to vegetation at channel boundaries, and therefore their changing extent during
and post-eruption. Backscatter increases with the emplacement of eruptive material,
and subsequently decreases, although not to pre-eruption values in the most severely
impacted areas. The variance in backscatter is significantly larger post-eruption, possi-
bly consistent with a now less homogeneous vegetation cover due to eruption damage.
Coherence is lost with the emplacement of material at the eruption onset, but then
increases with the loss of vegetation, particularly in channels and to the north east of
the volcano (in the zone most heavily impacted by tephra fall deposition). Both the
NDVTI and coherence show areas that have not yet fully recovered from the eruption.
The detailed pattern of changes in NDVI and coherence can effectively be demonstrated
using k-means clustering of multiple acquisitions. Cluster analysis groups pixels with
similar time series, and therefore with similar levels of both initial damage and recovery.
In NDVI this highlights the tephra fall deposit dispersal patterns in detail, and cluster
boundaries can be used as a proxy for tephra isopach distribution (although only in
regions of observable NDVI damage, which in this case corresponds to deposit thick-
nesses over 15 cm). These refined isopachs allow us to re-estimate the eruptive volume
at 0.28 km?. This method has strong potential to reveal depositional complexities and
eruptive impacts, and to determine eruption volumes, in proximal regions with high lev-
els of damage following large explosive eruptions, and is complementary to more distal
field-based datasets. Vegetation recovery rates differ between impact type, based on the

initial intensity of the damage. Vegetation recovery occurs mostly in the 3 years following
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the eruption, but areas with the greatest damage (thickest tephra and channel deposits)
take 7 or 8 years to recover, and in some locations are yet to recover, particularly at high
elevations and in major channels impacted by PDCs and lahars. We demonstrate that
optical and radar satellite data can be used to observe forest disturbance and recovery to
understand eruption processes, providing high resolution and quantifiable insights into
damage characteristics, deposit distributions and environmental change. This is likely
to be of particular value following large explosive eruptions with complex disturbance
patterns, and provides a route to determining eruption impacts in vegetated volcanic

regions globally.
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Chapter 3

Satellite Measurement of Volcanic

SO-> Impact on Vegetation

Abstract

Volcanic gases, particularly SOs, can significantly impact the health, growth and charac-
teristics of exposed vegetation. This study investigates the effects of both short term SO»-
rich eruption plumes and long term passive degassing on surrounding forests and plant
life. Using optical and radar satellite data, we assess vegetation damage at Krakatau
(2020), Semeru (2019 and 2023), Reykjanes Peninsula (from 2018-2024), Turrialba (from
2000-2024) and Masaya (from 1985 - 2024). We observe a range of impacts consistent
with photosynthesis inhibition, chlorosis, defoliation and plant death. These different
damage mechanisms vary in duration, from months to years, and in the magnitude of
the measurable change, with NDVI decreases in the range of 0.1-0.8. Based on these
observations, we present criteria for identifying unusually high SOs fluxes and differ-
entiating SO induced damage from tephra effects. This study also captures patterns
of long-term vegetation recovery after sustained SOy emissions, as well as evidence for
the the development of plant resilience to SO2 exposure. For example, at Turrialba and
Masaya, vegetation shows signs of resilience, with regrowth initiating at the peripheries

of the damaged areas during periods of reduced flux. Our findings advance understanding
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of vegetation responses to volcanic gas exposure over areas up to 100s km? and temporal
scales of months to decades. This work establishes a new baseline for monitoring the
impacts of volcanic gases on surrounding ecosystems, and demonstrates how satellite

based detection can be a valuable, global tool for environmental and hazard assessment.

3.1 Introduction

Volcanic gas emission ranges from a diffuse soil flux of COg, potentially extending over
100s of km, to focused SOs-rich plumes which can also contain a variety of environ-
mentally harmful volatile species (Hansell et al. |2004). Gas emission may continue in
between eruptions and persist over years to decades (Oppenheimer et al. |2003; Stoiber
et al.|1986; Symonds et al.|1994), ascend into the stratosphere in highly explosive plumes
(Symonds et al. [1994; Carey and Bursik [2015) or remain in the troposphere impacting
the atmosphere and local environment (Mather, Pyle, and Oppenheimer 2003). Volcanic
gases have impacts on atmospheric chemistry and radiative forcing (Smith, Pitcher, et al.
2001; Carn et al. 2017)), as well as crops, livestock and human health (Hansell et al. [2004;

Mather [2015)).

SO, emissions from passive degassing or effusive eruptions have particular potential to
impact surrounding ecosystems because (1) sulphur species can persist in a tropospheric
plume for days following emission, (2) impacts on vegetation are strongest when gas is
emitted at ground level or when a plume grounds after emission and (3) both SO5/SO2™
in the plume and their reactive products can impact vegetation (Mather 2015; Tomsche

et al. [2022; Beirle et al. 2014; Delmelle et al. |2002).

Sulphur dioxide is released from volcanoes in a range of styles as a result of volatile
exsolution and the development of magma permeability or fragmentation, leading to gas
release (Carey and Bursik 2015). Isolating the impact of volcanic gases on vegetation
is challenging for a number of reasons. Emissions can be dispersed on a global scale
following large-magnitude explosive eruptions injecting volatiles into the stratosphere,

while tropospheric emission, from both lower-magnitude explosive eruptions and effusive
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activity, is more localised and can cause serious damage to vegetation (Mather, Pyle,
and Oppenheimer 2003). Degassing rates fluctuate, resulting in damage that can range
from transient to permanent. Volcanic gases can damage vegetation through a variety
of mechanisms, such as chlorosis, leaf death and soil changes. Identifying the satellite

signature of vegetation damage due to volcanic SOs is therefore challenging.

Characterising the signature of volcanic gas emission is important as volcanic gases are
thought to have played a critical role in the development of Earth’s atmosphere (Kasting
1993; Holland [2002; Kump et al. [2007; Mather, Pyle, and Allen 2004; Mather 2008)
and are known to have large scale, regional impacts on ecosystems (Robock [2000; Seiler
et al. 2021; Biondi et al. 2003} Briffa et al. [1998). Over longer timescales, exceptional
degassing events have also been shown to have global impacts on climate and vegetation
(Thordarson et al. 2003; Stothers 1996; Sigurdsson [1982; Oppenheimer et al. 2003).
However, the current extent to which volcanic gases affect surrounding vegetation at a

baseline level remains largely uncharacterised.

Here, we take a systematic approach using satellite data over years-decades to capture
the impact of a range of degassing volcanoes: Krakatau, Turrialba, Masaya, Semeru and
Reykjanes Peninsula. We investigate the range of satellite-detectable impacts and the
causing damage mechanisms by analysing the scale and rates of impact and subsequent

recovery time to characterise the impact of volcanic gases on vegetation.

3.1.1 The Impacts of Volcanic Gases on Vegetation

The most abundant volcanic volatiles are HoO, N9 and COs9, but their atmospheric
concentrations are so high that the impact of any single eruption is difficult to assess
and relatively insignificant compared to background levels (Robock [2000). As such, SOq
is the key volcanic gas responsible for not only environmental and vegetation damage,
but also health and climate impacts (Mather, Pyle, and Oppenheimer [2003; Carn et
al. [2017; Hansell et al. 2004). Previous studies on vegetation impacted by SOs have
primarily focused on industrial SOy and the resulting acid rain, particularly in North

America and Europe, with emissions peaking in the 1970’s (Cape et al.|2003)). The direct
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effects of SO9 on vegetation are observable close to the pollution sources, with plants in
urban areas impacted by inhibition of photosynthesis, reduced growth rate and visible
damage (Lee, Khaine, et al. [2017; Han et al. |2022), as well as the secondary effect of
acid rain on more distal vegetation (Knabe|[1976). Acid rain is rain water with very low
pH, often associated with pollution from anthropogenic sources but can also be formed
when rain passes through a volcanic plume (Likens et al.[1979; Cape|1993; Mather |2015).
Acid rain primarily damages vegetation indirectly through the soil, while gaseous SOs
enters the plants though the leaves, causing direct damage to the cellular structure,
which in turn disturbs and can inhibit the photosynthetic process (Cape et al. 2003;
Beekley et al. [1981; Han et al. 2022). Photosynthesis, the chemical reaction by which
plants convert light energy to chemical energy, occurs through a series of interconnected

reactions summarised by equation 1 (Covshoff 2018; Blankenship 2021)).

6COs + 6Ho0 222 60, + CoH1206 (3.1)
The most common form of photosynthesis, and the one most relevant to this study, is
chlorophyll based photosynthesis, which uses light driven electron transfer (Blankenship
2021). In the majority of plants, the main phases of photosynthesis occur in the chloro-
plast, which contains the chlorophyll pigments, and exists within a middle layer of the
leaf called the mesophyll (Clark et al. 2018)). The movement of gases, including
SOs, occurs through openings on the epidermis of the leaf called stomata, typically lo-
cated on the underside of the leaf. Opening of the cells is controlled by guard cells that
respond to environmental changes (Clark et al. [2018; Knabe [1976). Once inside the leaf,
SO, spreads into intercellular spaces and is dissolved into the cell walls, disrupting the
mesophyll structure of the cell and particularly damaging the chloroplasts (Knabe [1976;
Han et al. [2022). It can also infiltrate the guard cells, rendering them unable to close the
stomatal opening, increasing the infiltration of SOz into the leaf. This is summarised in

Figure |3.1
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Figure 3.1: A diagram of the internal leaf structure and changes that may occur due to
SO9 exposure, such as chloroplast degradation, changes to the cell structure, cell death
and colour change. [1] Brychkova et al. 2007, [2] Makbul et al. 2011}, [3] Han et al. 2022,

[4] Rudorff et al. 1995, [5] Shimazaki et al. 1980, [6] Zhang et al. 2010, |[7] Knabe 1976,
[8] Clark et al.|2018

SOy exposure damages, or even totally destroys, the internal cell structure from within
the chloroplast cells, destroying chlorophyll pigments. This results in substantial de-
creases in the photosynthetic process, colour changes within the leaves known as chloro-
sis (as the chlorophyll is what produces the green colour in plants) and can result in
the death of leaf cells or the whole leaf (necrosis) (Shimazaki et al. Beekley et al.
Knabe ; Han et al. . Laboratory experiments show chlorophyll destruc-
tion in as little as 2-3 hours of SOs exposure, resulting in discolouration. In the case of

spinach leaves, as little as 2-3 hours of exposure led to leaves turning red-brown; extended

exposure over 10-15 hours resulted in leaves turning white (Shimazaki et al. [1980)).

While there have been laboratory based studies and research focusing on SOy impacts
on plants from anthropogenic sources (Lee, Khaine, et al. ; Shimazaki et al. ;
Hiive et al. Han et al. , there are only a few locations where the vegetation
damage due to volcanic SO9 has been the focus of study (Weiser et al. Tortini et al.
Delmelle et al. . The 2021 Tajogaite eruption in La Palma is one example:
it produced large quantities of SOs, with surrounding pine forests exposed to over 1 Tg
SO; during the course of the eruption (Shatto et al. [2024). This resulted in chlorosis and
defoliation in a 7 km radius of the volcano (Weiser et al. 2022; Shatto et al. [2024)), with

distance from the eruption site being the most predictive factor for vegetation damage.
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3.1.2 Factors Influencing Vegetation Response to SO, Exposure

The extent of damage caused by SOg exposure to vegetation depends on environmental
conditions such as time of day and temperature, as well as plant-specific traits such as
plant age or leaf characteristics (Han et al. |2022). These factors can influence stom-
ata, which usually close in response to pollutants, but may remain open due to these
external factors, increasing SOq infiltration and resulting in damage (Knabe (1976). It
has been shown that for the same duration and concentration of exposure chlorophyll
was damaged in daylight but not damaged in darkness (Shimazaki et al. [1980), likely
due to stomatal closure in darkness resulting in reduced entry of gas into the leaf cells
(Shimazaki et al.[1980). Wind conditions can also influence gas uptake, as wind abraded
leaves have been shown to result in open stomata and increased gas uptake (Hoad et
al. [1992). Higher temperatures and humidity can also promote stomatal opening and
increase SO» infiltration (Driesen et al. 2020). Rainfall can also influence gas uptake
as wet conditions may wash SOy deposits off of plant surfaces and dilute the impacts
on soil (Winner and Atkinson [1986; Yoo et al. 2014). Compared to drier conditions
allowing more SO5 accumulation on plant surfaces and so more uptake. However, rain
can also provide a transport mechanism for SO9 as it can cause acid rain (Knabe [1976)).
SOs damage is therefore expected to be higher in summer due to weather conditions,
increased light, temperature and relative humidity (Han et al. 2022; Yamaguchi et al.

2012).

Infiltration levels of SO9 are sensitive to leaf size, structure and age. In general, larger
leaf size (e.g. broadleaf vs needles) means increased surface area and increased stomatal
opening resulting in greater SO infiltration. However, while more mature leaves are
often larger, they show greater resistance to SOo exposure, as demonstrated by Han
et al. [2022 in broadleaf forests. Mature leaves are more likely to have a thicker cuticle,
reducing infiltration by gases and providing higher resilience to environmental stresses
and disease in general (Han et al. [2022; Dominguez et al.2017). As a result, different tree

types show different levels of sensitivity to SOo exposure with herbaceous plants more
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sensitive than woody plants, coniferous tress more so than broad-leaf trees and deciduous
broad-leaf more sensitive than evergreens (Han et al. 2022). Beekley et al. |1981| showed
that SO5 fumigation of lichen did not damage the chlorophyll content or absorption, yet
still reduced photosynthesis, so damage must have been by other mechanisms. Mosses
have also been shown to accumulate SO, and have been used as bioindicators of air
pollution as a result, but damage may be harder to detect compared to trees as colour

change is less likely (Winner and Bewley 1978; Gautason et al. 2015).

3.1.3 Satellite Measurement of SO, Impacts on Vegetation

The Normalised Difference Vegetation Index (NDVI) is often used to monitor vegetation
health, coverage and damage due to volcanic or other natural disturbances (Hawrylo
et al. 2018} Jepsen et al. [2009; Kharuk et al. 2009; Marx et al. [2017}; Spruce et al. 2011}
Santin-Janin et al. [2009; Goetz et al. [2006; Bai et al. [2008; Myneni et al. [1995 Shatto
et al.[2024; Udy et al.[2024). It has also been effective in studying SOy exposure in urban
environments and on crops (Rudorff et al.[1995; Rana et al.|[2023; Zhang et al.[2010)). We
expect NDVI to capture impacts of volcanic gases on vegetation as SOs exposure will
cause a decline in chlorophyll concentration and changes to the internal cell structure
(Shimazaki et al. [1980; Rudorff et al. 1995; Han et al. |2022; Knabe [1976). In turn,
this results in an increase in red reflectance and a decrease in near infrared reflectance,
reducing the red edge effect that the NDVI detects (Supplementary Figure (Zhang
et al. 2010). There is less change in the green band so, unlike other studies using the
green normalised difference vegetation index (GNDVTI), we believe the NDVI will be more
effective (Supplementary Figure . Another potential index is the MERIS Terrestrial
Chlorophyll Index (MTCI), which would detect the changes in the red edge bands. How-
ever, it is only possible to use with Sentinel-2 not Landsat 8, and has been shown to be
less correlated with SOg concentrations in comparison to NDVI (Zhang et al.|2010). The
effectiveness of different vegetation indices for detecting SO2 damage is likely to change
between case sites and vegetation type, but NDVI is likely the most broadly suitable
(Silva et al. 2013). NDVT has previously detected SO2 damage in vegetation (Han et al.

2022), including from volcanic eruptions where chlorosis occurred, demonstrated at La
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Palma and Turrialba (Shatto et al. 2024; Tortini et al. 2017; Weiser et al. 2022]).

Radar, specifically backscatter, has not been used extensively to detect SOs damage,
however, has been used to assess vegetation health and coverage (Mitchard et al. ;
Askne et al. Wegmuller et al. Imperatore et al. . Dense, healthy
forest canopy has higher backscatter values than bare ground, particularly for Sentinel-
1 C-band radar, due to volume scattering from the canopy (Balzter . We would
expect any defoliation or changes in the canopy structure due to disturbance to result in
backscatter changes (Imperatore et al. Wegmuller et al. ; Askne et al. .
Backscatter is important to determine the mechanism of SOy damage e.g. through
necrosis, resulting in defoliation or chlorosis, resulting in leaf damage and colour change.
If the damage results in reduced photosynthesis or bleaching due to chlorosis, but limited
leaf loss, then the structure of the canopy and its scattering properties will remain mostly
intact, meaning there will be limited backscatter change, but it should be detected by
NDVI. If there is defoliation as a result of SO2 exposure, which is extensive enough to
cause changes to the canopy structure and scattering properties, this should be detectable
in backscatter, and if reduction in photosynthesis and chlorophyll content is limited there

will be less change in NDVI (Figure .

NDVI Backscatter Example

La Palma

< No
backscatter
SO, enters leaves, changes
damaging chlorophyll,
changing the colour of

the leaves

)

SO, enters leaves,
and causes cell death
and ultimately leaf loss

SO, enters leaves,
and causes cell death

and ultimately death
of the whole plant

Turrialba

light, leaf age, size, shape

Increasing Severity
e.g. due to temperature, humidity,

La Palma

Figure 3.2: A cartoon demonstrating the types of damage expected from volcanic SO9
emission on vegetation, the expected subsequent change in satellite NDVI or backscatter
and demonstrations of those changes at La Palma (Weiser et al. and Turrialba
(Tortini et al. [2017)
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Table 3.1: Summary of case studies presented in this study with location (Global Vol-
canism Program 2025)), environmental setting (Peel et al. [2007; Olson et al. |2001)) and
satellite data used.

Volcano Coordinates Elevation Climate Ecoregion Satellite
type data
Krakatau, 6.1S, 105.4E  285m tropical rain- tropical and Sentinel-1,
Indonesia forest subtropi- Sentinel-2,
cal moist Landsat 8
broadleaf
Semeru, In- 8.1S, 112.9E  3,657m tropical rain- tropical and Sentinel-1,
donesia forest subtropi- Sentinel-2,
cal moist Landsat 8
broadleaf
Reykjanes, 63.8N, 140m oceanic sub- boreal forest Sentinel-2,
Iceland 22.3W polar and tundra Landsat 8,
Landsat 7,
Landsat 5
Turrialba, 10N, 83.8W  3,340m tropical rain- tropical and Sentinel-1,
Costa Rica forest subtropi- Sentinel-2,
cal moist Landsat 8,
broadleaf Landsat 7
Masaya, 11.9N, 594m tropical mon- tropical and Sentinel-1,
Nicaragua 86.2W soon subtropi- Sentinel-2,
cal moist Landsat 8§,
broadleaf Landsat 7,
Landsat 5,
Landsat 4

3.1.4 Case Studies

We select 5 case studies to investigate SO2, summarised in Table These case studies
were selected based on high SOs emissions, previous studies on vegetation impacts due
to SOg, or due to preliminary observations indicating possible SOy impacts. Well known
degassing volcanoes like Kilauea, Ambrym, and Etna were not included, either due to
limited satellite coverage or vegetation density in close proximity to the vent. Instead,
we focused on sites such as Turrialba and Masaya, where SOy impacts are both well

documented and observable in our analysis.

Krakatau, Indonesia

The islands of Krakatau are made up of the central Anak Krakatau, Sertung to the North
West, Panjang to the North East and Rakata to the South East (labelled in Figure|3.3)).
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The central island of Anak Krakatau is the site of current activity. It had eruptions
in 2017, 2014, 2013, 2010, 2009, 2007 (all with VEI 2 or less) before a VEI 3 eruption
began in June 2018 consisting of explosions, tephra fall and lava flows, culminating in a
lateral collapse in December 2018 resulting in a tsunami. Anak Krakatau is completely
unvegetated, since the December 2018 flank collapse, prior to which there was some
vegetated areas to the East of the island. The peripheral islands are all densely vegetated,
although often impacted by the deposits of the eruptions. The 1883 VEI 6 eruption of
Krakatau resulted in the complete loss of vegetation from the Krakatau islands and, since
regrowth, volcanic activity has mostly affected Sertung and Panjang islands to the NW

and NE of Anak Krakatau, affecting the vegetation succession (Whittaker et al. [1989).

For this study, we focus on unusual eruptive activity for Krakatau from 10*"-11t" April
2020. This activity consisted of a sulphur-rich, ash-poor plume on the 11*" April ex-
tending up to 14.3 km. This sulphur rich plume was later noted at 11.3 km high and
drifting W and NW | the following days saw continued plumes of mostly sulphur dioxide,
with limited ash content, up to elevations of 3 km (Global Volcanism Program [2020).
There was also possible mixing of the plumes with meteorological storm clouds(Global
Volcanism Program [2020). This period of activity resulted in new lava flows at Anak
Krakatau, extending the islands coastline to the West (Global Volcanism Program 2020)).
We compare the impact of this event to the eruptive period in December 2018 where

plumes were more ash rich and at lower altitudes.

Semeru, Indonesia

From April 2014, Semeru has had near continuous eruptive activity with two periods of
eruption from 15% April 2014 - 9 January 2017, followed closely by a period of ongoing

6t June 2017. Semeru exhibits a range of deposit

eruptive activity which began on
types including lava flows, pyroclastic flows, lahars and tephra deposits. To the North of
Semeru is Bromo volcano, and combined they have one of the largest volcanic SO9 fluxes

in the 215 century (Carn et al. 2017). However, due to their close proximity they are

often treated as one emitter and it is hard to separate out their individual SOs fluxes.
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We focus on small scale (both temporally and spatially) vegetation damage at Semeru
through optical and radar remote sensing to see if any changes can be detected from

2014 onwards, with the onset of near continuous eruptive activity.

Reykjanes Peninsula, Iceland

The Reykjanes Peninsula in Iceland has experienced 3 new fissure eruptions since 2021.
Starting with an eruption at Fagradalsfjall from 19*" March - 18" September 2018,
a second eruption occurred in August 2022 (from 3™ - 215t) before a third eruption
period from the 10" July 2023 until 5" August 2023. In December 2023 there was
another eruption on the peninsula, to the West of the previous eruption site, at the
Sundhntikur crater (Global Volcanism Program 2025). These eruptions all produced
lava flows, igniting wildfires and burning the vegetation adjacent to the lava flows. The
limited vegetation cover on the peninsula has been shaped by previous volcanic activity
and is dominated by low level moss, shrub and grass like vegetation (Hada¢ |1972)). The
eruptions emitted large amounts of SO9, the 2021 eruption alone emitted 970 + 540 kt
of SO9 (Pfeffer et al. 2024). We aim to detect changes in the vegetation, primarily
due to SO», from optical satellite data. It is known that mosses are very susceptible to
environmental pollutants, due to their lack of a cuticle, and have previously been used as
a way to sample pollutant concentrations and as a bioindicator for air quality (Gautason

et al. 2015)).

Turrialba, Costa Rica

Turrialba has had 10 confirmed eruptive periods in the 215 century, the first of which
began on the 5" of January 2010, prior to which there had been no eruptions since 1866
(Global Volcanism Program [2025). This 2010 eruption followed increases in SOz flux
from 2001, reaching 116 kt in 2009 before a significant increase in flux to 741 kt for 2010,
with large SO9 fluxes continuing until 2020 (Xi et al. |2016). Due to these large SO,
fluxes, the vegetation at Turrialba has been severely damaged, resulting in a Kkill zone
to the west of the vents in line with the strong prevailing wind direction (Tortini et al.

2017). While this vegetation damage and the growth of this kill zone has previously been
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captured by NDVI (Tortini et al. 2017), we expand on this knowledge by using radar
backscatter as a tool to assess the structural changes in vegetation at Turrialba. We
investigate the whole time period from 2000 - 2024, to not only capture the vegetation
damage and resulting kill zone, but also the period when SOs emissions decline, allowing

for recovery of the vegetation around Turrialba.

Masaya, Nicaragua

Masaya has been degassing as far back as the 1500’s and has regular cycles of degassing
with gas crises in 1852-59, 1902-1906, 1919-1924, 1979-1984 and 1993 (the current de-
gassing period, with fluxes peaking in the late 1990’s) (Whitty et al.|[2022; Mather, Pyle,
Tsanev, et al. 2006). It has one of the largest non-eruptive SO3 fluxes at 867 (t/d) (Carn
et al. [2017), with a high level of variation in the flux, demonstrating changes of 50-75%
within hours (Stoiber et al. [1986)). It is currently in an ongoing eruptive period which
began in October 2015, which saw increases in the SOg flux. Masaya’s low topography
means the plume can ground more easily, affecting the nearby vegetation. This com-
bined with the high SO5 flux has resulted in an area of 500 km? downwind of Masaya
being damaged, including nearby coffee farms (Whitty et al. 2022} Stoiber et al. [1986;
McBirney 1956). Damage has been noted in the form of leaf injury (both chlorosis and
necrosis), particularly on the wind ward side of plants, the predominant wind direction
being from the North East (Figure panel B inset) with vegetation damage noted as
far as 32 km South-west of Masaya (Delmelle et al. 2002). In this study we focus on
the long term recovery of the vegetation at Masaya, since the peak of SO2 degassing in
the late 1990’s. We also look at shorter term, more proximal vegetation changes as SO9

fluxes increase following the eruptive activity beginning in October 2015.

3.2 Data and Methods

3.2.1 Optical Imagery

We use atmospherically corrected Level 2 surface reflectance data from Sentinel-2 and

Landsat obtained from Google Earth Engine (Main-Knorn et al. |2017; Vermote et al.
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2016). Sentinel-2 has a 5 day repeat time (when combining Sentinel-2a and Sentinel-2b)
and 10 m spatial resolution. All Landsat data has a 16 day repeat time with 30 m spatial
resolution. In Google Earth Engine we remove any acquisitions with cloud cover greater
than 40% before applying a cloud mask using the pixel Quality Assurance band (Foga
et al. 2017; Main-Knorn et al. 2017) to the remaining dataset. We then manually re-
move any remaining cloud contaminated images identified through visual inspection. We
apply a water mask at Krakatau, Masaya, Semeru and Reykjanes using the Normalised
Difference Water Index (NDWI) to identify, and subsequently mask areas of water (Xu
2006)).

We use this optical imagery to calculate the Normalised Difference Vegetation Index
from the near infrared and red bands of Sentinel-2 and Landsat 8. NDVI values range
from -1 to 1, with dense, healthy vegetation indicated by strong positive values. Differ-
ent vegetation indices may be suited to different environment types and different types
of damage, in this study the NDVI showed most effective in detecting the changes at
Krakatau following the event in April 2020, and was able to differentiate it from cloud
cover (Figure . We believe the NDVI is the best choice due to its chlorophyll sen-
sitivity and its suitability for areas of varying topography (Roy, Boschetti, et al. 2000;
Matsushita et al. 2007; Lai et al. [2022; Zhang et al. [2010). We generate time series of
NDVT at selected locations shown in Figures [3.3]- [3.8 to assess the changes in vegetation

over time and how this changes with eruption behaviour and SO4 fluctuations.

3.2.2 Radar Imagery

We use Sentinel-1 backscatter imagery to assess changes to the vegetation scattering
properties at Krakatau, Masaya, Turrialba and Semeru. Sentinel-1 is a satellite constel-
lation consisting of Sentinel-1a, Sentinel-1b (until failure on the 23rd of December 2021)
and now Sentinel-1c¢ (launched in December 2024). Sentinel-1 uses a C-band (6 cm)
synthetic aperture radar (SAR) with a minimum revisit time of 6 days and a geometric
resolution of 5 m x 20 m in interferometric wide swath mode (Torres et al. 2012). We

use Single Look Complex (SLC) images accessed from the NASA ASF data portal from
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2017 onwards due to VH polarisation availability. We use the GAMMA remote sensing
software (Werner, Wegmiiller, et al. 2000) and limit our analysis to the bursts covering
the study sites. We deramp the SLCs to account for the Doppler centroid generated by
the TOPS ScanSAR mode (Yagiie-Martinez et al. |2016|) and mosaic the bursts together
before co-registering to a common date (the first acquisition for each site). We generate
multi-looked intensity images (MLIs) over a window size of 10 in the range direction and
2 in the azimuth direction giving a pixel size of 50 m by 40 m (Lee, Grunes, et al.|1994)).
We perform terrain corrections and radiometric calibrations using the Copernicus GLO-
30 Digital Elevation Model (DEM) (OpenTopography 2021)) to mitigate for the impact
of topography on backscatter, remove geometric and radiometric image distortions and
decrease sensitivity to fluctuations in incidence angle (Dualeh et al. 2021; Meyer et al.
2015; Small 2011). We geocode the images using this DEM and produce backscatter

images at Krakatau, Masaya, Turrialba and Semeru.

SAR sensors emit an electromagnetic pulse and the proportion of this pulse that is
returned back to the satellite from the ground in either the vertical (VV) or horizontal
(VH) orientation is known as the backscatter (Woodhouse [2017; Dualeh et al. 2021). We
use the backscatter to assess the changes to the surface scattering properties, which we
expect to be dominated by defoliation due to SO2 exposure. We do not use backscatter
at the Reykjanes Peninsula as the type of vegetation (low level moss, grass and shrub)
does not produce significantly different backscatter compared to bare ground, unlike our
other studies with forest vegetation. Forest canopies are volume scatterers, meaning
there are multiple scattering elements present that interact with the incident radar,
and can be represented by the water cloud model (Woodhouse [2017; Chen, Li, et al.
2014). Areas of volume scattering produce higher backscatter compared to areas of bare
ground or less dense vegetation (Balzter 2001; Treuhaft et al. 1996). We expect to see
backscatter changes from leaf death resulting in canopy loss, or plant death as a whole as
this will change the scattering properties (Figure , particularly for VH backscatter,
which is more sensitive to volume scattering from vegetation (Patel et al. 2006). We

anticipate any vegetation recovery in the form of increased canopy density, leaf area or
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plant regrowth to result in changes in backscatter, most likely detected as an increase in
VH polarised backscatter. We also expect to see backscatter changes if there is tephra
deposition, which may result in an increase or decrease in backscatter depending on if
the deposition has resulted in a smoother or rougher surface (Arnold et al. 2018; Dualeh
et al. 2021; Udy et al. |[2024). As such we can use this as a way to determine if damage
has been primarily from SOs, or if ash could be present and contributing to vegetation

damage.

3.2.3 SO, Data

Where available (at Krakatau, Turrialba, Masaya and Semeru) we have used the Multi-
Satellite Air Quality Sulfur Dioxide Database (MSAQSO2L4) to assess SOy emissions
at these sites. This level 4 product combines satellite data from the Ozone Monitoring
Instrument (OMI), the Ozone Mapping and Profiler SUite (OMPS) and the TROPO-
spheric Monitoring Instrument (TROPOMI) to produce a global catalogue of the largest
SO emission sources (Fioletov et al. 2025). For Masaya and Iceland, there are limited
ground based SO measurements available. At Masaya, we use data from 1980 - 2023,
collated from Whitty et al. |2022; Stoiber et al. |[1986; Burton et al. 2000; Delmelle et al.
2002; Williams-Jones et al. [2003; Galle et al. |2003; Duffell et al. |2003; Mather, McCabe,
et al. [2006; Nadeau et al. [2009; Aiuppa et al. [2018; Global Volcanism Program 2023 In
Iceland, on the Reykjanes Peninsula there is an SO9 monitoring station at the Hellisheidi
power plant with, we access this data from the Icelandic Environment Agency online air

quality portal, which provides data from 2021-2024.

3.2.4 Wind Speed and Directions

We estimate wind speeds and directions using ERA5 data from the Copernicus Climate
Change Services (C3S), accessed through the Climate Data Store (CDS) for all of our
case studies (C3S 2018)). We use the reanalysis dataset which has an hourly temporal
resolution and 31 km spatial resolution. We take 10 m wind data and downsample daily
resolution, as this improves processing times and is sufficient for our analysis. We note

that the spatial resolution is large for the given size of our study areas, but should be
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sufficient to estimate wind speed and direction, but should be regarded with caution as

local fluctuations could occur due to topography or other environmental factors.

3.3 Results

We present our observations of transient to long-term impacts at Krakatau, Semeru,
Reykjanes Peninsula, Turrialba and Masaya using NDVI and radar backscatter. The
detected impacts vary from case to case, both in terms of spatial and temporal scale
as well as mechanism of damage and therefore resulting recovery rate. We then detect
the range of impacts and assess the mechanism of SOs damage and how this can be

measured using satellite remote sensing.

3.3.1 Krakatau

Following increased eruptive activity, including reports of a large sulphur-rich, ash-poor
plume and new lava flows on the 10t'-11*" of April 2020, there is a major drop in NDVI
on Sertung (Figure panel B). The North-East of the island has the largest decrease,
of up to 0.8 (Figure panel E). A small area of NDVI decrease can also be seen at
the northern tip of Panjang island (Figure panel B). The wind rose (Figure panel
B inset) confirms prevailing wind direction to the NW, consistent with the directions
of significant decrease in NDVI on Sertung and the observed plume directions for the
10-11*" April activity. This significant drop recovers within ~ 4 months. There is limited
backscatter change on Sertung coinciding with the large decrease in NDVI (Figure
panels C and D).

We compare these changes in NDVI and backscatter following this April 2020 event to an
eruptive event in December 2018, which resulted in a flank collapse and ash-rich plumes
primarily to the East (Figure [3.4). There are large decreases in NDVI of ~0.8 across the
whole of Panjang island, as well as minor changes on Sertung and Rakata (Figure
panel B and E). This corresponds to the prevailing wind direction and reported plume
directions resulting in thick ash deposits and widespread forest damage were observed

on Panjang (Cutler, Watt, et al. 2022) (Figure panel B inset). Compared to the
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Figure 3.3: A) Sentinel-2 image of the Krakatau islands from 22nd April 2020. B) NDVI
difference image showing the change in NDVI (from the 22nd of February until 17th of
April), including an inset of a windrose showing the prevalent wind direction and speed
over the period 1st April — 20th April. C) Sentinel-1 VV backscatter difference images
over Sertung between March and April 2020. D) Sentinel-1 VH backscatter difference
images over Sertung between March and April 2020. The difference is between a monthly
backscatter composite for March which is subtracted from an April monthly backscatter
composite to generate the difference map. E) NDVI time series for region to the North
East of Sertung island (location shown by black box in panel B) the grey blocks indicate
eruption periods with notable events marked, along with recorded VEI. Annual SO
emissions are shown in blue.
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2020 event, it takes much longer for the NDVI on Panjang to return to pre-eruption
values (just over 2 years), despite similar magnitude of decrease in NDVI (Figure
panel E). The recovery trajectory following the December 2018 event is consistent with
previous studies on ash impacts on vegetation following an eruption (Udy et al. .

There is some detectable increase in backscatter on Panjang, most prominently in VV

backscatter.
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Figure 3.4: A) Sentinel-2 image of the Krakatau islands from 08/01/2019. B) NDVI
difference image showing the change in NDVI (from 17/10/2018 until 08/01,/2019). In-
cluding an inset of a windrose showing wind direction and speed for December 2019. C)
Sentinel-1 VV polarisation backscatter difference image over Panjang between Decem-
ber 2018 and January 2019. D) Sentinel-1 VV polarisation backscatter difference image
over Panjang between December 2018 and January 2019. The difference is between a
monthly backscatter composite for December 2018 which is subtracted from a January
2019 monthly backscatter composite to generate the difference map. E) NDVI time se-
ries for a central region of Panjang island to the east of Anak Krakatau (location shown
by black box in panel B with time of panel A noted).
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3.3.2 Semeru
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Figure 3.5: A) Sentinel-2 image of Semeru from 27/04/2023. B) NDVI difference image
from 06/11/2019 until 27,/10/2023 with an inset of a wind rose for 2019-2023 C) NDVI
time series for an area SW of Semeru (location shown by black box in panel B) the
grey blocks indicate eruption periods with notable events marked, along with recorded
VEI Annual SOg emissions are shown in blue for the Tengger Caldera (the combined
emissions of Bromo and Semeru volcanoes).

The biggest magnitude decrease in NDVI is to the South East of Semeru, and is asso-
ciated with flow deposits from the 2021 VEI4 eruption (Figure panel B). There is
also an area of NDVI decrease to the West/South west, in a similar direction to the
plume visible in panel A. This decrease can be identified through the NDVI time series,
and appears to be recurring and particularly defined in 2019 and 2023, towards the end
of the year (Figure panel C). While this area of NDVI decrease to the SW doesn’t
correspond to the most prominent wind direction (figure panel B), wind does travel
in this direction and at slower speeds. This trend in wind travelling in this direction at
slower speeds occurs from May-December, corresponding to the decreases in the later

parts of the year (Supplementary Figure . These slower speeds could be the cause of
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NDVT decrease aligning with seasonal patterns, as slower speeds could allow the plume
to ground, causing vegetation damage. The occurrence of the minimum NDVI values,
as well as corresponding to seasonal wind variations may also be influenced by other
seasonal changes such as light, temperature or humidity, factors known to influence SO9
damage. The SO9 flux for Tengger caldera (Semeru and Bromo, its neighbouring volcano
to the North), over this period doesn’t strongly correspond to the largest decreases in
NDVI. However, it is hard to know the true SOs flux from Semeru alone as it is jointly
measured with Bromo. There are some backscatter decreases detected to the SW, more
defined in VH polarisation so possibly linked to changes in volume scattering due to
changes in the forest canopy, but it is hard to clearly define the region of damage or to

differentiate from agriculture (Figure [B.6).

70



Chapter 3. Satellite Measurement of Volcanic SO Impact on Vegetation

3.3.3 Reykjanes
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Figure 3.6: A) NDVI difference map for 18/08/2018 — 15/09/2024 showing decreases in
NDVI. The lava flows and subsequent burnt vegetation from the 2021-2024 eruptions
are shown in black (lavas) and yellow (fires). An inset of a wind rose is included for
the period of the 2021 eruption (March — September). B) Daily average SO2 measure-
ments from Hellisheidi power station, location shown in panel A. C) Daily average SOq
measurements from Nesvegur near Grindavik, location shown in panel A. D) Daily aver-
age SOs measurements from Hafnir, location shown in panel A. SO, data is taken from
airquality.is and is downsampled to be a daily average in ug/m3. E) NDVI time series for
2 locations near the eruption sites, 1 showing a more evident NDVI decrease (black) and
1 for reference (grey) shown in panel A, along with SO2 measurements from Hellisheidi
power station. F) NDVI time series using Sentinel-2 only from the end of 2017 - the end
of 2024.

On the Reykjanes peninsula there is an area of NDVI decrease in a NE direction from
the sites of the 2021-2024 eruptions (Figure panel A). The sites of the eruptions are
shown by the outline of lava flows (black) and subsequent burnt vegetation (yellow).
NDVT time series at locations within this area of decrease (black square), compared with

an area outside (grey square), show a decline in NDVT in this region from ~2019,/2020,
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along with a decrease in NDVI with the onset of the Fagradalsfjall eruption in March
2021 (Figure panel E). This is preceded by a gradual increase in NDVI from 2012
until ~2019/2020. Lower NDVI values in the black coincide with the periods of elevated
SO2 emissions measured at Hellisheidi power plant (red star in panel A), particularly
for longer duration emissions (Figure panel F). On the contrary, the grey time series
shows less fluctuation, despite starting at a similar NDVI value and showing similar
increases from 2012-2019, there is then less decrease with the onset of the eruption.
There is very little wind from the NE but occasional wind towards it and at slower
speeds, possibly allowing plume grounding in comparison to other directions with higher
wind speeds (Figure panel A). There is elevated SO9 emissions recorded at Hellisheidi
compared to the other stations, corresponding with the direction of NDVI decline seen
in panel A. As such, this decrease could correspond to changes in vegetation due to SO-
from the eruption and also from the subsequent burning of vegetation from the lava flows

(burnt area shown in yellow in Figure panel A, covering an area of ~230 ha).

3.3.4 Turrialba

Degassing started at Turrialba around 1996, increasing in 2001 and drastically increasing
in SO2 emission in late 2009 (Xi et al. 2016; Martini et al. 2010). Due to persistent,
prevailing winds from the NE a kill zone has formed extending 2.5 km W/SW of the
summit (Figure panels A, B and D). In the centre of this area the forest has been
completely killed, with decreases in NDVTI of over 0.5 (Figure panel B), with zones
of necrosis on the edge. The kill zone expands during periods of increased SOs emission
and eruptive activity, and then recovers in periods of decreased activity, with recovery
starting at the edges of the kill zone. From 2000-2012 there were increases in SO9 emis-
sion that created the kill zone (panels C and F), followed by a decline in emission rates
and some recovery on the outskirts of this damage zone (panels C and G). From the end
of 2014-2020 there is an increase in SO9 emissions and an increase in eruptive activity,
further developing the kill zone and decreasing NDVI and VH backscatter at the edge of
the kill zone (panels C, H and J). From 2020, SO2 emission drastically reduce to below

100 kt/y, and NDVT increased by ~0.5, with greater NDVT increase at the edges of the

72



Chapter 3. Satellite Measurement of Volcanic SO Impact on Vegetation

kill zone and some structural regrowth indicated by increases in VH backscatter (panels
C, I, K). Changes in vegetation at the edges of the kill zone may also be reflected in
changes to the variance in backscatter values (Figure . After 2020, at the edge of
the kill zone, the backscatter variance decreases and backscatter values start to increase
slightly, possibly due to to structural recovery of the vegetation, resulting in a more
homogeneous, higher backscatter surface (Udy et al. 2024). In general, the kill zone has
increased in size from 2000-2020 and then began to recover from 2020 onwards (panels

D and E).
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Figure 3.7: A) Sentinel-2 image of Turrialba from 24,/02/2021. B) NDVI difference image
from 21/12/2000 until 04/02/2024, showing the locations of the transects in panels D
and E, with an inset of a wind rose for the period 2000-2024. C) NDVI time series for
an area downwind, W/SW of Masaya (location shown by black box in panel B) the grey
blocks indicate eruption periods with notable events marked, along with recorded VEI.
Annual SOz emissions are shown in blue. D) Transect of NDVI values from W-E across
the kill zone in 2000 (magenta), 2014 (blue), 2020 (green), 2024 (black). E) transect of
NDVI values from N-S across the kill zone in 2000 (magenta), 2014 (blue), 2020 (green),
2024 (black). Panels F-I show NDVI difference maps, with the time period covered
noted at the top of panel C. J) VH backscatter difference from 2017 — 2020. K) VH
backscatter difference from 2020 — 2024. Each backscatter change map is made from 2
annual composites for the years, with the first subtracted from the second.
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3.3.5 Masaya
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Figure 3.8: A) Sentinel-2 image of Masaya (red triangle) from 28/11/2024. B) NDVI
difference image from 06/01/1987 until 21,/01,/2010 with an inset of a wind rose for the
period 1986-2024 C) NDVI time series for an area downwind, SW of Masaya (location
shown by black box in panel B) the grey blocks indicate eruption periods with notable
events marked, along with recorded VEI. Annual SO emissions are shown in blue, con-
vert from kt/y to t/d to be comparable with the ground based SO2 measurements,shown
as blue stars. D) NDVI transect downwind of Masaya. E)An NDVI transect for the most
damaged region close to the summit

Masaya demonstrates long term changes due to volcanic degassing, with a long recovery
captured from 1986 - 2024 following the end of the previous gas crises from 1979-84
and the current crises starting in 1993 before peaking in the late 1990s (Figure
panel C) (Mather, Pyle, Tsanev, et al. [2006). Masaya has a very strong prevailing wind
direction from the NE, resulting in areas downwind being damaged from SO, which
is detectable in optical imagery, NDVI and using cluster analysis (Figure panels A
and C and Figure . This region has lower NDVI values which have increased as the
SO flux has decreased and the vegetation has recovered (Figure . Masaya has a

large variation in SOq flux, seen in the variation of measurements taken over short time
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periods (Figure panel C). There is a general increasing trend in NDVI from 1987 to
the end of 2015 when an eruption occurs. The onset of this eruption brings an increased
SO; flux (annual flux rate shown in blue) in 2016-2017 (Figure|3.8| panel C), resulting in
a decrease in NDVI and backscatter until 2020 (Figure panels A and C), after which
NDVT increases from 2020-2024 (Figure panels B and D). These shorter duration
changes are most evident closer to the vent, but longer term changes can be seen further

downwind, with a general increasing trend in NDVTI as the vegetation recovers (Figure

panels D and E and Figure |B.4)).
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Figure 3.9: A) NDVI Difference map over Masaya for 24/11/2017 — 05/12/2019. B)
NDVI Difference map over Masaya for 05/12/2019 -28/11/2024. C) Sentinel-1 VH
backscatter difference map from 2017 - 2019. D) Sentinel-1 VH backscatter difference
map from 2019 - 2024. The backscatter difference maps are calculated from annual
backscatter composites for the years stated.
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3.4 Discussion

3.4.1 Satellite Detection of SO, Damage on Vegetation

We present 5 examples of volcanic gases, dominantly SOz, damaging surrounding forests
up to 15 km away, with damage and recovery ranging from months to decades. Anak
Krakatau exhibits the shortest of these damage durations with recovery within 4 months
following the drop in NDVT in April 2020. The following lines of evidence are suggestive
of this transient drop in NDVI being due to SOz emissions: (1) The signal of rapid
NDVT decrease and subsequent recovery corresponds to reports of a plume from Anak
Krakatau with high SOs concentrations, alongside the emplacement of new lava flows.
(2) The large NDVI decrease but rapid recovery is inconsistent with previously detected
ash signals (Udy et al. 2024) or from the December 2018 impacts on Panjang Island. (3)
There is little to no backscatter change, which would be expected from other volcanic
deposits that cause such a large magnitude NDVI change, but not from damage due to

SOs, which could cause chlorosis with limited structural damage.

In order to produce a drop in NDVT of up to 0.8 (Figure panel C), we expect that a
substantial amount of ash would need to be present (likely >15 cm (Udy et al. 2024)).
This was the case in 2018, when NDVI also decreased by around 0.8, but we expect
damage from this thickness of tephra deposition would take significantly longer than
four months to recover. Previous studies, and the recovery following the 2018 event,
shows timescales closer to 2-3 years (Udy et al. 2024). Where recovery following tephra
deposition does occur within a few months, the NDVI drop is significantly lower (Udy
et al. [2024). Additionally, the decrease in NDVI after the 2018 event coincided with
increases in backscatter in both the VV and VH polarisations (more so in VV polarisa-
tion). This is consistent with tephra fall being the primary mechanism of damage as the
tephra deposition will increase surface roughness, increasing the backscatter (Figure
panels C and D). However, there were no backscatter changes of this scale (particularly
in VV) detected on Sertung in April 2020. Considering the limited change in backscatter,

coupled with the significant decrease in NDVI and the reports of sulphur-rich, ash-poor
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plumes and possible further degassing from the new lavas, we believe the NDVI decrease
is predominantly caused by SOs. The damage would likely be chlorosis, and photosyn-
thesis inhabitation, causing low values in NDVI, but limited structural changes to the
canopy, hence limited backscatter change. This would also explain the rapid recovery
time, as the leaves would not require regrowth. While the reported plume was ash-poor,
ash could still have contributed to the damage by abrading the leaves, increasing SO»
infiltration and subsequent damage. Previous studies have shown that increased leaf
abrasion, caused by wind, results in increased pollutant uptake. Abrasion causes dam-
age to the cuticle and stomatal openings of a leaf, and can result in an up to 30 fold
increase in pollutant uptake (Hoad et al. [1992)). The possible presence of ash is likely
to have increased the damage inflicted from SOs exposure, but could not have been the

sole cause, due to the limited backscatter change and rapid recovery.

Semeru exhibits changes that coincide with seasonal trends in wind and precipitation,
rather than coincide with large changes in SOy flux. Semeru combined with the neigh-
bouring Bromo volcano make up the Tengger caldera, which has a history of large SO9
emissions and was ranked the 20th largest volcanic SOg source by Carn et al. 2017 from
2005-2015. There are seasonal variations in wind speed and direction at Semeru, with
slower speeds, particularly to the south west, in the later parts of the year. We suggest
these seasonal changes in wind are allowing the plume to ground, resulting in damage
to vegetation. The more significant decreases in NDVI in 2019 and 2023 also coincide
with decreases in backscatter to the SW. This suggests some structural changes to the
vegetation, reducing the backscatter, possibly leaf loss due to SOy exposure. These de-
creases occur either side of increased eruptive activity from 2020-2023, with this more
explosive activity possibly resulting in higher, more energetic plumes meaning it is not
affecting proximal vegetation. It is also possible that other seasonal factors are affecting
the levels of SO2 damage. The decreases in NDVI and backscatter seem to coincide with
the dry season (June - September) when temperatures are warmer, this could encourage
stomatal opening and increase SOs infiltration, causing the damage to appear in line

with the seasons (Driesen et al. [2020)).
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The Reykjanes Peninsula shows lower magnitude, longer duration, changes in NDVI,
partly due to the vegetation type having low NDVI values initially. The decrease in
NDVI, to the north east of the lava flows, is over a much larger area than seen in the
other case studies. The area impacted had a slightly higher NDVI value prior to the
decrease in NDVI, possibly due to a higher vegetation density or different structure.
This may partially be why the decrease was detected here, there needs to be sufficient
vegetation, or high enough NDVI values to measure the decline. The type of vegetation
likely plays a role as to why the decrease is seen over such a large area, with mosses being
particularly sensitive to air pollutants like SO2. The limited decrease suggests changes in
the greenness or health of the vegetation to the north east of the lava flows, possibly due
to the SO emissions from the eruptions. As well as the longer term trends of increasing
NDVT prior to the eruption, and decreasing from ~2019-2020, there also appears to be
shorter term decreases linked to increases in SO5 flux. However, it is hard to robustly
detect these changes due to limited optical satellite acquisitions due to cloud and snow

cover, and the vegetation type not being appropriate to study with radar backscatter.

Similarly to the Reykjanes Peninsula, Turrialba shows both long term and short term
NDVT changes in response to changes in SO flux. In the longer term, there is an increase
in SO9 flux, creating a kill zone down wind, which then begins to shrink as it recovers
from the exterior, in response to decreasing SOs flux. In the shorter term are periods
of both increased damage and periods of recovery in response to flux change. Distance
downwind controls the severity of damage, the most proximal region (<2 km to the
west) has lost all vegetation and exhibits the largest decreases in NDVI and backscatter
as a result. The edges of the damage zone (2.5-3 km) show large decrease in NDVI and
minor decreases in backscatter, suggesting the main mechanism of damage is chlorosis
and some leaf loss, without significant plant death or structural changes. This allows the

periods of recovery as total regrowth isn’t required.

Masaya also shows longer term trends, with much slower rates of change, likely due to the
long durations and high concentrations of SO2 exposure resulting in significant damage

and decimation of vegetation downwind at Masaya, with the most significant damage
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linked to areas of highest SO2 concentration at 4 km and 15 km downwind (Delmelle et
al.2002)). Vegetation at Masaya is particularly susceptible to damage due to the volcanos
low topography, the plume can regularly ground directly on the vegetation (Whitty et
al. 2022). The area of damage highlighted by previous studies is successfully detected
through NDVI, and shown as NDVI increase in Figure [3.8 panel B. It is also successfully
detected through k-means cluster analysis of the NDVI time series, and is separated as

a cluster showing the area downwind of Masaya Figure

3.4.2 Factors Affecting Damage Severity

Vegetation damage due to SO9 can result in a range of damage severity and duration,
particularly in comparison to other volcanic impacts (Udy et al. 2024)). SO2 flux and
duration of exposure are the most significant factors determining damage severity and
duration. Lower fluxes over shorter durations will lead to less significant damage, as
seen at Krakatau in April 2020 (Shimazaki et al. |1980; Thomas et al. [1935). The exact
SOs flux in this case is unknown, but the volcano is not normally a large emitter. This,
coupled with the short duration of increased activity (2 days) and the plume height, likely
resulted in only short periods of grounding on Sertung and so lower flux. We cannot
be certain of the exact mechanism of damage here due to the lack of observations. The
sulphur-rich plume could have directly come into contact with the vegetation, if there
were periods when it had a lower altitude. Degassing from the new lava flows could
also have damaged the vegetation, as this would have been at sea level. There were
reports of the sulphur-rich plume interacting with meteorological clouds, which would
have produced acid rain damaging the vegetation. Or it could be a combination of these
processes leading to damage. As such it is likely the flux and duration were low, and
as a result, the primary damage mechanism was chlorosis and photosynthesis inhibition,
rather than leaf loss and plant death. In comparison, large fluxes, over longer durations
cause more severe damage in the form of necrosis and even total plant death. This
can be seen at Turrialba from 2000-2016, with the kill zone forming downwind. It is
also evident that at a greater distance from this downwind trajectory (at the edge of

the kill zone) the damage is less severe, likely due to shorter durations of exposure and
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lower SO2 concentrations. Masaya also shows severe damage, due to large fluxes over a
long duration, and we observe the subsequent recovery from 1988 onwards. Closest to
the summit there are areas of complete vegetation loss, and downwind there is an area
which is sill recovering after the previous gas crises caused very high SO flux. The long
duration of SOy flux will have contributed to the high levels of damage resulting in plant

death.

As well as the SO flux and duration, external factors influence the severity of damage.
These factors influence the absorption of SO4, even if flux and duration are the same the
level of damage changes as a result of of external factors (Thomas et al.|[1935)). Seasonality
can affect damage severity as it will affecting daylight, temperature, humidity and wind
conditions, all of which will influence SO9 absorption (Hiive et al. [2000; Driesen et al.
2020; Hoad et al. [1992). This is demonstrated at Semeru as decreases in NDVI and
backscatter coincide with the seasons. In this case, it is likely dominated by seasonal
wind changes, allowing the sulphur containing plume to ground and deposit on the
vegetation, but it is also likely that other seasonal factors, such as precipitation and
humidity, may play a role as the damage is coincident with the summer months. The
vegetation type itself will also play a role, as plant age, structure, leaf shape and cuticle
thickness will affect SO9 absorption (Han et al. 2022; Knabe 1976; Rankenberg et al.
2021). And as such some plant types are simply more resilient to external stressors
such as SOy exposure, an important factor in our ability to detect damage due to SOq
on the Reykjanes Peninsula. The vegetation type being lichen, moss and grassland,
means it is sensitive to SO9 exposure, demonstrating a reduction in photosynthesis, but
without significant visible or structural damage that may be shown from other plant
types (Beekley et al. [1981; Winner and Bewley 1978)). As such, changes due to SOy are
subtle, particularly as the vegetation begins with lower NDVI values and backscatter is

not sensitive to changes in mosses.

Other volcanic activity influences damage severity due to SO exposure. For instance,
ash deposition can exacerbate leaf injury by abrading surfaces and damaging stomata,

increasing SO9 absorption (Hoad et al.|1992). This may help explain the damage severity
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observed at Krakatau in April 2020, where ash was likely present in the plume, even if not
the primary cause of damage. Turrialba also exhibited other volcanic activity from March
2015 - December 2019, including ash deposition and pyroclastic density currents in the
areas most proximal to the volcano. This period of increased activity not only increased
SO4 flux beginning in 2015 and peaking in 2017, coinciding with NDVI decrease, but
was likely responsible for additional damage due to other deposits. Conversely, increased
activity at Semeru from 2020 - 2023 coincided with decreased damage that we attribute
to SOy. This activity likely resulted in more energetic, higher altitude plumes (Global
Volcanism Program [2025), and so not directly impacting the adjacent vegetation, and

reducing the measurable damage during that period of activity.

These factors control the absorption of SO2 and the severity of damage, and subsequently
the time it takes to recover. Increased flux, duration of exposure, environmental setting
or other volcanic deposits lead to more absorption and severe damage such as leaf loss
and total plant death. This more severe damage subsequently takes longer to recover, as
whole plant elements require regrowth. This is demonstrated at Krakatau, where there
was limited structural damage to the vegetation, primarily damage through chlorosis and
photosynthesis inhabitation, and so recovery was as little as 4 months, in comparison to
the more severe damage at Turrialba and Masaya which takes years-decades to recovery.
Environmental setting will play a role in recovery time, similarly to how it plays a role
in SOy absorption, with light, humidity and temperature as influences in recovery time
(Hiive et al. 2000). Distance to disturbance centre, previous disturbances, elevation,
slope and forest stand height can also contribute to recovery rate (Shatto et al. 2024}
Weiser et al. 2022; Mora et al. [2016). The plant species and maturity level will impact
recovery time, as well as the ecoregion, with more tropical regions exhibiting quicker
regrowth rates (Gillman et al. 2015; Han et al. 2022; Rankenberg et al. [2021)). The
volcanic activity and continued SO flux rate will also affect the duration of damage and
how long it takes to recover. If there is eruption activity or further periods of increased

flux this will prevent recovery, as seen at Turrialba.
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3.4.3 Vegetation Resilience in Response to Repeated Disturbance

By investigating SOs damage at a range of case studies and timescales we can gain an
insight into vegetation resilience at these sites in the presence of SOy exposure. Veg-
etation resilience is defined as the ability to withstand disturbance and recover to its
previous state (Holling 1973)). The case studies of Turrialba and Masaya are particularly
key as we can see long term trends. At Turrialba, despite the high SOs flux and years
long exposure, when there is a decrease in flux there is vegetation recovery e.g. in 2014
and 2020. The vegetation withstands the disturbance and begins recovery once the dis-
turbance stops. At Masaya this is also evident as we see the long term recovery of the
vegetation despite continued SO emission. These cases are possible examples of gained
resilience resulting from prolonged exposure to environmental stressors. Such exposure
may promote adaptive traits, shifts in species composition, dominance of better adapted
species or more diverse assemblages, all of which can contribute to increased resilience

(Gunderson [2000; Holling |1973; Han et al. 2022).

Resilience can be inherent to the vegetation type, rather than gained due to increased
exposure. For example, the vegetation at Krakatau may be resilient as it is successional
vegetation following the 1883 eruption which removed all vegetation. In response to this
disturbance, what regrew may be species and assemblages which are more resilient, either
due to specific species having physiological advantages or a more varied assemblage (Han
et al. 2022; Madamanchi et al. 1991; Olszyk et al. [1984). In recent years Sertung has
not experienced excessive periods of disturbance and so vegetation was likely healthy,
and these factors combined could have made it more resilient to the SO2 emission,

contributing to the less severe damage and quicker recovery times.

Repeated exposure may contribute to increased resilience, though this effect is likely
offset when damage is too severe and recovery time is insufficient. This idea was ex-
plored at La Palma following the 2021 Tajogaite eruption which resulted in chlorosis
and defoliation in a 7 km radius of the volcano (Weiser et al. 2022; Shatto et al. 2024).
Distance was the most controlling factor of vegetation damage, with vegetation at an

intermediate distance having a faster recovery rate than vegetation closest or furthest
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from the volcano (Shatto et al. 2024). Shatto et al. |2024] hypothesise that vegetation at
an intermediate distance would show the most rapid recovery, as it has resilience due to
more exposure to disturbance, coupled with less severe damage. In contrast, more prox-
imal vegetation may be too heavily damaged to recover quickly, while distal vegetation,
although less affected, may be less resilient due to less exposure to prior disturbances.
However, they also demonstrated that forest stands affected by the 2016 wildfires and
then subsequent 2021 volcanic eruption are actually recovering faster than stands just
impacted only by the eruption, possibly showing that compounding disturbances don’t
necessarily decrease recovery rates as they initially expected, but increase resilience and
so recovery rates. This is likely a factor at Turrialba, as vegetation rapidly recovers
despite the repeated disturbance. At Turrialba, whilst looking at the recovery of NDVI
shows the edges of the kill zone recovering faster, the VH backscatter difference map
from 2020-2024 (Figure panel K) shows an area of increased backscatter not quite at
the edge of the kill zone and vegetation at a greater distance which shows a decrease in
backscatter. This could be structural recovery of the vegetation at this distance as it has
been previously exposed to disturbance so could be more resilient and able to recover

quicker.

Environmental setting, while likely affecting SOo exposure, as discussed previously, also
plays a role in the resilience, and as such the subsequent recovery rate of the vegetation.
Tropical forests are inherently more resilient, due to being more varied, water availability
and species types (Smith, Traxl, et al. 2022; Smith and Boers 2023; Han et al. |2022).
Certain species can have inherent resilience due to their structure, as well as becoming
more resilient with maturity (Rankenberg et al. 2021} Shatto et al. 2024; Han et al. 2022).
This is important in volcanic settings as if large disturbances result in younger, less
varied plant communities this could decrease resilience. Alternatively, disturbance could
produce successional plant communities which are more varied and resilient, particularly

if they reach maturity before the next volcanic disturbance.
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3.5 Conclusion

In conclusion, satellite data enables the detection of vegetation damage from SOs ex-
posure, revealing a range of damage severities and recovery times linked to different
damage mechanisms such as chlorosis, leaf loss and plant death. Shorter term, less se-
vere impacts are typically associated with lower SO9 fluxes over days, resulting in sharp
decreases in NDVT of up to 0.8 with minimal backscatter changes suggesting photosyn-
thesis inhibition, limited structural damage and as such full recovery within months. In
contrast, more severe damage caused by higher fluxes over longer durations can result in
long-term vegetation loss across several km?, with both NDVI and backscatter signatures
significantly altered, requiring years to decades for full recovery. The degree of damage
is primarily driven by SOs flux and duration, but is also influenced by environmental
conditions, vegetation type and additional volcanic activity. Forest type, species compo-
sition, plant maturity, and seasonal factors such as light and wind patterns all play roles
in determining resilience and recovery. Notably, sites like Turrialba and Masaya show
that resilience may be both intrinsic and developed through repeated exposure. This
study contributes to a deeper understanding of how SOs emissions impact ecosystems
and highlights the potential of remote sensing to monitor such effects. These insights can
aid in identifying SOsq-rich plumes and support efforts in plume tracking, environmental

monitoring, and hazard assessment.
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Chapter 4

Forest Disturbance, Recovery and

Resilience at Volcanoes World Wide

Abstract

Volcanic eruptions drive major disturbances to forest landscapes, yet the controls on
vegetation damage and recovery remain poorly quantified. This study analyses forest
damage and post-eruption recovery across 18 volcanoes worldwide, spanning different cli-
matic zones, forest types, and eruption styles. Using optical satellite time series of NDVI,
combined with time series cluster analysis, we quantify the temporal and spatial scales
of damage and recovery trajectories associated with tephra fallout, pyroclastic density
current (PDCs), lava flows and volcanic blasts. We find recovery is strongly influenced by
disturbance type, eruption magnitude (VEI), eruption duration, and forest biome. On
average, tephra-affected areas recover to pre-eruption NDVI values in approximately 2.8
years, followed by blast-affected areas in 12.5 years, while forests impacted by pyroclastic
density currents (PDCs) take longer, averaging around 22 years. Tropical forests have
faster recovery times than temperate forests, likely due to higher resilience and faster
regrowth rates. Longer duration and multi-deposit impacts are associated with greater
damage and extended recovery times, but may also influence long-term resilience. Our

results provide a quantitative framework for predicting forest recovery after volcanic dis-
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turbance, identifying the key volcano-environmental parameters (eruption size, duration,
deposit type and forest biome) that govern the magnitude, duration and style of satellite
detectable ecological impact. These findings enhance our ability to interpret ecosystem
development and reconstruct past eruptive activity from forest structure using remote

sensing.

4.1 Introduction

Volcanic eruptions cause disturbance to surrounding forests, at a variety of spatial and
temporal scales from transient, local impacts to damage that lasts decades over 100s km?
(Dale, Swanson, et al. 2005; Major and Lara 2013; Grilli, Tappin, et al. 2019). However,
the current impact of active volcanism on ecosystems, and how quickly they can re-
cover is not well quantified, particularly with the use of systematic, global scale satellite
data. The type of eruption (deposits present, scale, duration and explosivity) and the
environmental setting will strongly influence the scale (both spatial and temporal) of
disturbance (Foster et al. [1998; Swanson and Major 2005). The duration of detectable
disturbance is controlled by vegetation recovery and resilience, which are expected to
vary globally with environmental conditions, but may also be influenced by site-specific
or eruption-specific factors (Smith and Boers [2023). This is key to understanding how
long these signatures may be detected and how far back we can identify previous vol-
canic activity through assessment of forest disturbance. It has been hypothesised that
volcanoes influence surrounding ecosystems on large scales, up to continental scales for
the largest eruptions (Briffa et al. [1998; Thordarson et al. 2003). Here, we test the mea-
surable impact of major eruptions on surrounding forests using optical satellite data over
the past 40 years. Satellite data provides systematic coverage at a global scale, allowing
uniform analysis of multiple volcanoes in different environmental settings. We focus on
explosive eruption impacts, with significant enough damage to be detectable in satellite
imagery (larger than 10 m pixel size) due to changes in the vegetation properties (i.e.

health or coverage).
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4.1.1 Impacts of Volcanic Eruptions on Surrounding Vegetation

Forest disturbance is becoming an ever more important topic as climate change increases
the severity and frequency of weather related natural hazards such as wildfires, droughts
and floods as well as anthropogenic disturbance from pollution. Of these forest distur-
bance events, wildfires likely cause the most similar style of damage to volcanic deposits.
The severity of damage, and subsequent recovery following wildfire is predominantly
controlled by the type of vegetation, temperatures reached and tree survival (Gouveia,
DaCamara, et al. 2010; Bastos et al. [2011)). The most rapid recovery is seen within
the first 2 years after the fire disturbance (Trabaud 1987; Inbar et al. 1998; Gouveia,
DaCamara, et al. 2010)). Optical satellite imagery, and more specifically the Normalised
Difference Vegetation Index (NDVI), has been successfully used to monitor fire damage,
recovery rates and regrowth dynamics (White et al. [1996; Goetz et al. 2006; Gouveia,

DaCamara, et al. 2010; Ireland et al. 2015]).

Volcanoes differ from other natural hazards impacting vegetation, such as seasonal events
like fire and drought, in the extreme diversity of the character and extent of damage
(Zobel et al.|1997)). The damage caused by large explosive eruptions can be particularly
extensive, reaching thousands of square kilometres (Carey and Sigurdsson [1989; Self
2006). Hot pyroclastic density currents (PDCs) not only destroy vegetation they come
into contact with, but can also singe adjacent areas of vegetation up to hundreds of metres
away from the flow deposit (Charbonnier et al. |2013). In contrast, tephra fall causes
less intensive damage over a much greater area, spreading to regions many hundreds of
kilometres away (Wilson, Stewart, et al. |2013; Wilson, Jenkins, et al. [2015). Tephra
damages vegetation through abrasion, which can impair photosynthesis, and in areas
of thick tephra deposit, cause complete burial of vegetation (Wilson, Cole, et al. 2011}
Turner et al. [1997)). This variation in damage levels results in a variety of vegetation

recovery stages and therefore durations of damage.

The pattern of disturbance also influences the post eruption recovery time of vegetation
(Foster et al.|1998). Linear disturbance patterns from flow deposits like PDCs; lava flows

and lahars are some of the most intense forms of damage, but due to the linear shape,
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will have healthy vegetation adjacent to the damaged vegetation. This will influence the
recovery, as healthy vegetation can spread more easily to damaged areas through natural
mechanisms such as wind, water or animal dispersal, promoting regrowth. Conversely,
sectoral (or isodiamteric) patterns of disturbance such as blast or tephra fall may be
slower to recover as the closest surviving vegetation will be further away from the central

area of damage (Dale, Delgado-Acevedo, et al. 2008)).

Mount St Helens is a seminal study site in understanding forest disturbance dynamics
and regrowth patterns following volcanic eruptions. It has improved understanding in the
factors influencing forest disturbance and recovery. Surviving plant matter (biological
legacies) is key to recovery as it is essential to instigate regrowth. Damage that results
in greater numbers of legacies, either due to damage being minor or over smaller areas,
will recover faster due to the surviving plant matter. The type of volcanic deposit or
the timing of deposits can play a key role in numbers of legacies (Foster et al. [1998).
This is evident following the 1980 eruption of Mount St Helens, where the combination
of disturbances resulted in a high proportion of surviving plant matter (Franklin et al.
2000). The trees felled in the initial volcanic blast protected underlying vegetation from
subsequent impacts, resulting in higher numbers of legacies compared to the regions not
impacts by the blast, but impacted by other subsequent deposits. This contributed to
quicker recovery rates in certain areas of the blast zone (Dale, Crisafulli, et al. |2005}
Dale, Delgado-Acevedo, et al. |2008; Franklin et al. [2000). Some plant species may
also be better equipped to survive volcanic eruption damage. For example, plants with
underground components (seeds and buds) may survive eruptions and be able to regrow
(Dale, Delgado-Acevedo, et al. 2008)). Some plant species may have a thicker outer layer
on their leaves (cuticle) making them more resilient to environmental stressors. A thicker
cuticle also develops in many species with maturity, so that plant age can be a factor
in surviving stressors (Rankenberg et al. 2021). This can be a factor in forests where
more mature trees may be taller and sit above the height of the potentially damaging
volcanic deposit, or protect underlying vegetation from tephra fall, possibly increasing

the number of biological legacies. As well as the eruption and vegetation characteristics,
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external factors can influence plant matter survival. The time of year can play a role,
with plant elements underground at certain parts of the year, or winter snow cover
protecting plant matter from eruption deposits (Dale, Delgado-Acevedo, et al. 2008;
Dale, Crisafulli, et al. 2005). This was a factor in the high level of biological legacies
at Mount St Helens, as the spring time eruption meant some of the temperate species
had underground elements protected, along with remnants of the winter snow pack that

protected underlying vegetation from the blast and tephra deposits.

This combination of contributing factors from the eruption, vegetation, environmental
setting and external factors are likely to mean there is a complex relationship affecting
plant matter survival and subsequent recovery rates. Generally, we expect the most
damage to be from flow deposits, with eruptions over large areas and long durations to
have slower recovery rates. Environmental setting will play a role with tropical regions
likely recovering faster than temperate, but this could be complicated by the seasonal
timing of deposits, as demonstrated at Mount St Helens. We intend to expand on
previous work, that has focussed on only a handful of key sites, using optical satellite
data across different environmental settings and different explosive eruptions to better
understand and quantify what influence environmental settings and eruption styles have

on vegetation damage and subsequent recovery and resilience.

4.1.2 Climate Types

There are 5 main classifications of climate, from the Koppen-geiger classification: Trop-
ical, Arid, Temperate, Cold and Polar, each classification then has further sub classifi-
cations dependent on temperature and precipitation, and how they vary throughout the
year (Peel et al. 2007). Our 18 target volcanoes span 6 climate types within 2 main
classifications: Tropical (Tropical rainforest, Tropical savannah and Tropical monsoon)
and Temperate (Humid subtropical, Temperate oceanic, warm summer Mediterranean).
A tropical climate is defined by the temperature of the coldest month being greater than
18°C. A temperate climate is classified by the temperature of the hottest month being

greater than 10°C and the coldest month between 0-18°C. Vegetation resilience and re-
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growth is expected to be greater in tropical regions and is affected by water availability
and variability, with regions with more inter-annual precipitation variability being less
resilient (Smith and Boers 2023). Although some temperate species may be less suscep-
tible to damage, and some species may be protected in dormant (winter) phases (Dale,

Delgado-Acevedo, et al. 2008; Dale, Crisafulli, et al. 2005]).

4.1.3 Forest Types

Ecoregions are defined as relatively large units of land containing a distinct assemblage of
natural communities and species, with boundaries that approximate the original extent of
natural communities prior to major land-use change (Olson et al.[2001). They are there-
fore a better reflection of the global distribution of species and communities than models
derived from, for example, rainfall and temperature (Olson et al.|2001). In the classifica-
tion scheme by Olson et al. (2001) there are 14 biomes and 8 biogeographic realms. Our
target volcanoes are situated within 4 biomes: Tropical and subtropical moist broadleaf
forest, Tropical and subtropical dry broadleaf forest, Temperate broadleaf and mixed
forest, and Temperate coniferous forest. Tropical and subtropical moist broadleaf forest
are characterised by high species variability, low temperature variability and high rain-
fall levels. Tropical and subtropical dry broadleaf forest share similar characteristics but
have dry seasons. Temperate broadleaf and mixed forest have a combination of conifer-
ous and broadleaf tree species. Temperate coniferous forests are characterised by larger
temperature variability compared to tropical forests (warm summers, cool winters) with
either needle leaf or broadleaf evergreen species dominating (Olson et al. 2001). Forest
type is likely to influence vegetation recovery and resilience similarly to climate, with
tropical vegetation expected to be more inherently resilient to environmental stressors
and disturbances. But variations in dominant species type and density will influence

recovery and resilience (Wright 2002; Smith, Traxl, et al.|2022).

4.1.4 Selection of Target Volcanoes

We select target eruptions and volcanoes that we expect have had a measurable impact

on surrounding forests during the satellite era. The criteria for inclusion are as follows:
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eruptions with VEI 5 after 1970, eruptions with VEI 4 after 1990 and eruptions with VEI
3 after 2014 (Smithsonian Institution’s Global Volcanism program (Global Volcanism
Program ) These categories are designed to include eruptions with good satellite
data coverage and eruptions large enough to produce measurable impacts in satellite
imagery. We then filter the list further to remove any eruptions at volcanoes that weren’t
sufficiently vegetated (either due to being bare rock, dominated by agriculture or directly
adjacent to urban areas), or where optical imagery was dominated by cloud cover or
snow /ice cover. For example, volcanoes on the Aleutian islands, like Cleveland and
Shishaldin, both fit our date and eruption criteria but are not sufficiently vegetated and

have snow/ice cover affecting satellite acquisitions. This results in a refined list of 18

target volcanoes, shown in Figure [4.1]
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Figure 4.1: A map of the ecoregions of the world (Olson et al. with the locations
of our case studies in circles coloured by the VEI of the eruption studied. Below the
map is a timeline of when the eruptions occurred for each site, along with the timespan
of the different satellite missions used.
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Our target volcanoes are predominantly in tropical and subtropical moist broadleaf for-
est, with case studies in Indonesia (Sinabung, Soputan, Krakatau, Merapi, Semeru, Ke-
lud), the Philippines (Taal), Papua New Guinea (Ulawun, Rabaul), Costa Rica (Tur-
rialba) and Mexico (El Chichon). In tropical and subtropical dry broadleaf forest is
Sangeang Api volcano in Indonesia. In Temperate broadleaf and mixed forest we study
Kuchinorabujima in Japan and Calbuco, Chaitén and Puyehue-Cordén Caulle in Chile.
And finally, we include Mount St Helens in Washington in a Temperate coniferous forest.
Our case studies range from 10 years of data to 40 years of data, depending on the date
of eruption we are studying. A summary of our target volcanoes and key information

can be found in Table [£.1] with additional details in the supplementary information.

4.2 Methods

4.2.1 Optical Imagery

We combine Landsat 4-8 and Sentinel-2 data (accessed through the Google Earth Engine
collections). All case studies use Landsat-8 and Sentinel-2 imagery, with older case
studies using Landsat 7, Landsat 5 and Landsat 4, depending on the start date of the
eruption. We use imagery starting from Landsat 4 for Mount St Helens and El Chichén,
starting from Landsat 5 for Kelud and starting from Landsat 7 for Puyehue-Cordén
Caulle, Chaitén, Rabaul (there is no Landsat 5 coverage for Rabaul) and Merapi. The
Landsat satellites all have a spatial resolution of 30 m and a repeat time of 16 days.
Sentinel-2 has a spatial resolution of 10 m with a combined revisit time of 5 days.
We use level 2 data which has been atmospherically corrected (Main-Knorn et al. 2017;
Vermote et al. 2016]) and remove any images from our analysis with more than 40% cloud
cover within the vicinity of the volcano, before applying a cloud mask using the pixel
quality assurance band (Foga et al. 2017; Main-Knorn et al. 2017)) and finally manually
removing any images with remaining cloud cover that obstructs the area of interest.
We mask out bodies of water using the normalised difference water index (NDWI>0).
We then calculate the normalised difference vegetation index (NDVI) which uses the

infrared and red spectral bands and is widely used to assess vegetation coverage and
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4.2. Methods

health (Myneni et al. [1995; Goetz et al. 2006; Santin-Janin et al. [2009; Bai et al. 2008;
Tian et al. 2015). NDVI ranges from -1 to 1 with strong positive values representing
dense, healthy vegetation, while low values near zero typically represent bare rock or
soil. The decrease in NDVI will depend on the pre-eruption NDVI and the severity of
the damage. For example, damage due to fire can result in smaller reductions of around
0.15 or larger drops of up to 0.6 (Hislop et al. [2019; Cuevas-Gonzalez et al.[2009). NDVI
is the best metric for detecting the impacts of volcanic activity on forests as it is sensitive
to changes in greenness indicating vegetation health or coverage. Compared to biomass
or productivity metrics NDVI is simpler to compute, widely available at high spatial
and temporal resolution and can be calculated from decades of historical satellite data,
making it ideal to study both the long and short term changes in forests around volcanoes

(Urbazaev et al. 2016; Vaglio Laurin et al. 2017).

4.2.2 Cluster Analysis

We perform k-means cluster analysis (Likas et al. 2003) on the NDVI time series as
an initial tool to assess the forest damage at each volcano by grouping pixels that share
common temporal trends. This has previously been shown to be effective at Calbuco with
pixels sharing similar NDVI decreases and recovery times grouped into clusters, showing
the different types of damage from different deposit types (Udy et al. 2024). We first
downsample the NDVI images by a factor of 2 in both the azimuth and range directions
and removing any images where >20% pixels are NaNs (this threshold is relaxed for
islands and partially ice covered volcanoes). We handle the remaining NaNs by applying a
2D linear interpolation, which estimates missing values based on their spatial neighbours
within the same time step. In regions where interpolation is unsuccessful, we apply zero-
padding to fill the gaps. Whilst performing the cluster analysis, we set the number of
clusters to 5 as a standard, based on an iterative approach that showed it to be the
most appropriate value for the majority of our targets. However, in cases where this
number is insufficient, particularly due to intense damage or large structural changes,
we adjust accordingly. We performed cluster analysis separately for pre-, co-, and post-

eruptive sections of the time series and the algorithm iterated 10 times with different
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centroid seeds. In cases with multiple eruptions or extended eruption periods, we perform
clustering throughout, either after each distinct eruption period or at regular intervals
(e.g. every 5 or 10 years), depending on the length of time series. Supplementary Figures
- show the most representative clustered image for each case study to assess

the style and spatial extent of damage to surrounding vegetation.

4.2.3 Deposit Classification and Sampling Area Selection

We use our NDVI time series, k-means cluster analysis and a review of previous research
or volcano observatory reports to identify locations affected by tephra deposits, volcanic
blasts, PDCs and lava flows. Within each identified deposit area, we define multiple
candidate sampling regions to evaluate which best represents the NDVI response of that
deposit type at that target volcano. Size of the area taken varies by deposit type:
for tephra deposits and blasts, we typically use 30 x 30 pixel boxes and for lava and
pyroclastic flows, 20 x 20 pixels. However, these dimensions are adjusted based on
extent and morphology of the specific deposit if required - large boxes are used for more
extensive or heterogeneous areas, while smaller boxes are selected for narrower features
such as confined flow channels. Using an area of pixels, rather than individual pixels,
helps reduce the influence of outliers and provides a more robust estimate of NDVI
recovery trends, whilst taking the whole area of a deposit type is challenging due to the

potential influence of overlapping deposits or cloud cover.

4.2.4 Recovery Time Estimation

We estimate recovery times for each deposit type at the locations shown in Supplemen-
tary Figures - We define recovery as the point at which NDVI values return
to within 1% of the pre-eruption median NDVI. While this does not necessarily indi-
cate a complete return to the pre-eruption vegetation composition or structure, it is a
practical and objective threshold that can be consistently applied using remote sensing
data. The 1% buffer was selected to account for any small variations while ensuring
the recovery estimate reflects near-complete regrowth. In cases where the pre-eruption

NDVI time series is sparce, either due to it being an earlier eruption within the satellite
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era or persistent cloud cover, we estimate the pre-eruption median NDVI by using a
reference approach. At these locations (Soputan, El Chichon, Mount St Helens) we cal-
culate a representative NDVI value by averaging the NDVI from 10 proximal reference
sites that remained largely unaffected by volcanic disturbance, selected based on geo-
graphic proximity, comparable elevation and consistent land cover characteristics. This
approach assumes that unaffected areas serve as a reasonable ecological proxy for the

pre-disturbance state of the impacted site.

Our recovery times can be split into 2 categories, observed recovery times and predicted
recovery times, depending on if the NDVI values reach the pre-eruption median within
the span of our time series. If NDVI reaches the recovery threshold (1% of the pre-
eruption median NDVI) within the observed time period, the recovery time is calculated
as the interval between the eruption date and the first image where NDVI exceeds the pre-
eruption threshold. At locations that do not reach the NDVI threshold within the time
series, predominantly at flow deposit sites, we estimate a predicted recovery time using
linear extrapolation. This is based on the observation that NDVI values at these flow
deposit sites tend to exhibit a linear recovery trend (Figure panel B). We calculate
annual mean NDVI values for the post-eruption time series to smooth out any short-
term fluctuations. We then calculate the average rate of NDVI increase from the most
recent three years. This multi-year average helps mitigate short-term fluctuations caused
by seasonal variability, cloud contamination, or other transient disturbances that may
obscure long-term recovery trends. We then estimate how many years it would take,
at that average annual rate of increase to reach the recovery threshold from the most
recent observed annual NDVI value (2024). This yields a predicted year of recovery, from
which we can get the predicted recovery time by subtracting the eruption year. This
approach strikes a balance between filtering noise and maintaining sensitivity to recent
recovery dynamics. We assume that recent vegetation recovery trends are a reasonable
indicator of near-future recovery, though we acknowledge this is an oversimplification.
It is, however, a justified compromise given the challenges of accounting for all potential

variables, such as future disturbances or changes in the landscape.
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This method appears effective at all PDC deposit locations which do not reach recovery
within our observation window, with the exception of Krakatua and Semeru. These
locations do not show any initial recovery, and so we cannot make a reliable estimate
of recovery rate. Similarly, we are not able to make estimates at lava flow locations,
again due to lack of initial detectable recovery following emplacement. We also attempt
this method for the tephra deposit location at Puyehue-Cordén Caulle, the only tephra
location that does not reach the threshold within our observation period. In Figure 4.2
the tephra time series plateaus in the last 5 years, resulting in no clear increase in the
last 3 years and so we are unable to predict if or when the threshold would be reached.
However, this stabilisation of NDVI may in fact mean it has recovered, but with new

vegetation assemblages which have lower NDVI values.

4.3 Results

Figures and present the NDVI time series for each defined sampling area, cor-
responding to the identified deposits at each target volcano. The target volcanoes are
grouped into categories reflecting the dominant focus of each case study: large scale
impact, flow deposits or recovery. This highlights the range in NDVI decreases and

subsequent recovery rates between different deposit types and locations.
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Figure 4.2: NDVI difference map and time series for each target volcano that illustrates
large scale (spatially and in terms of NDVI decrease) vegetation impacts associated with
different volcanic deposit types. The NDVI time series depict the measurable decrease
in NDVI and subsequent recovery for each identifiable deposit at the respective volcano.
The deposits are colour-coded as follows: Tephra (black), Pyroclastic Density Currents
(PDC) (red), blast-affected areas (green), and lava flow (blue) in both the time series
and the locations (stars) on the NDVI difference maps, which indicate the sites of the

time series.
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Figure 4.3: NDVI difference map and time series for each target volcano that is domi-
nated by flow deposits (Ulawun - Semeru) and those only showing the recovery stage of
the NDVI trajectory (El Chichén and Mount St Helens). The NDVTI time series depict
the measurable decrease in NDVI and subsequent recovery for each identifiable deposit
at the respective volcano. The deposits are colour-coded as follows: Tephra (black),
Pyroclastic Density Currents (PDC) (red), blast-affected areas (green), and lava flow
(blue) in both the time series and the locations (stars) on the NDVI difference maps,
which indicate the sites of the time series.

An example of the NDVI time series, NDVI and cluster analysis at a target volcano is

shown in Figure [£.4] at Rabaul following a VEI 4 eruption that began in August 2006 and
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continued until January 2010. Prior to this was a VEI 4 eruption from September 1994 -
April 1995 and a VEI2 eruption from November 1995 - September 2001. These eruptions
resulted in Tephra fall primarily to the NW of the vent, as well as lava flows and PDCs.
We link clusters extracted from the NDVI time series to volcanic eruption impacts using
independent data where possible (Global Volcanism Program [2025). At Rabaul, we
attribute the damage represented by cluster 5 (shown in dark red in Figure to lava
and pyroclastic flow deposits. Clusters 3 and 4 represent the damage due to tephra
deposits as the plume primarily travelled SE-NW (Global Volcanism Program [2025]),
with cluster 4 likely associated with thicker deposits. Panel D shows the time series for
each cluster, primarily differentiated by the magnitude of NDVI drop and recovery rate.
Panel E shows the NDVI time series for an area impacted by tephra deposits. Panel F
is the NDVT time series for an area impacted by PDC deposits and panel G is impacted
by lava flows. As these two areas share the same cluster we use optical imagery and the

eruption reports (Global Volcanism Program 2025)) to differentiate the flow deposits.
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Figure 4.4: A) Sentinel-2 optical image of Rabaul on 18/08/2021. B) Sentinel-2 NDVI
image of Rabaul on 30/05/2023. C) K-means cluster analysis of NDVI imagery over
Rabaul from 11/03/2006 - 14/09/2010, also showing the location of the time series in
panels E-G. D) Time series of the median pixel of each cluster identified in panel C
over the whole NDVI time series with eruption onsets marked by dashed line (orange
= VEI4, grey = <VEI3). E) NDVI time series for an area identified as impacted by
tephra. F) NDVI time series for an area identified as impacted by PDCs. G) NDVI time
series for an area identified as impacted by lava flows. Areas of impact identified from a
combination of optical imagery, cluster analysis and activity reports (Global Volcanism

Program .

We compare the time series that we link to the locations of different volcanic impacts
(tephra, PDCs, lavas) for all 18 volcanoes in order to characterise any similarities in veg-
etation recovery trajectory [£.5] We then consider the impact of factors such as latitude,

distance from eruption centre, VEI, forest type, climate type and time since previous
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eruption on patterns in forest regrowth. We find that forest type shows the clearest
trends with more tropical forests showing quicker recovery (return to pre-eruption NDVI
values) compared to more temperate forests. Panels A-C in Figure show that darker
green points (representing more tropical forest sites) tend to have quicker recovery rates
(e.g. at Kelud). The more temperate forests have slower recovery rates and also show
a seasonal signature (particularly Puyehue-Cordon Caulle), as to be expected for their
forest type. However, seasonal patterns in NDVI only appear towards the end of the
time series (Supplementary Figure panel D), likely due to recovery of the vegeta-
tion promoting the return of stronger seasonal changes (Udy et al. 2024)), possibly due
to less dense vegetation or different species assemblage demonstrating different seasonal
signatures. Tephra deposits result in detectable NDVI changes at 12 of our case stud-
ies, and are characterised by a large drop in NDVI of up to ~0.8 (e.g. at Krakatau
in 2018, Figure , followed by a quick recovery time (considering the magnitude of
NDVI drop), with an average recovery time of ~2.8 years (Figure panel A). We
expect the primary mechanism of damage due to tephra deposits is leaf abrasion and
leaf loss, with plant death in areas of thickest deposit. Spatial scales of identified tephra
deposits range from 10s-1000s km?. On average, tropical forests recovered from tephra

deposits in approximately 2 years, compared to around 5 years for temperate locations.
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Figure 4.5: A. NDVI time series for the tephra impacted areas of the case studies. B)
NDVT time series for the PDC impacted areas of the case studies. C) NDVI time series for
the blast impacted areas of the case studies. D) NDVI time series for the lava impacted
areas of the case studies. The time series are coloured by forest type. The location of
each time series can be found in the Supplementary Figures - panel A along
with a table of which case studies are in each panel, with co-ordinates of each location

noted (Table :

We measure PDC deposit impacts at all 18 of our case studies (Figurepanel B). There
is a large variety in time series shape here, and they can be inspected in Figures [£.2] and
as well as individually in Supplementary Figures - PDC emplacement
causes a large drop in NDVI in all cases, followed by a steady, slower recovery (in
comparison to the tephra NDVI time series) of 22 years on average, but this varied
widely from ~5 years (at Kelud in Tropical forest) to over 50 years (at Puyehue-Cordén
Caulle and Mount St Helens). The primary mechanism of damage is likely plant death,
although some remnants may remain in less severely impacted areas. Recovery from
PDCs was faster in tropical regions, taking on average 31 years, compared to 38 years
in temperate forests. While these average values offer a general indication of differences
in recovery rates, direct comparisons are complicated by additional variables such as

eruption magnitude, duration, and environmental factors like species composition. We
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also note that the impact of individual PDC deposits are challenging to isolate, especially

in channels likely to later be affected by additional flow deposits.

Three of our case studies capture volcanic blasts impacting vegetation (Kelud in 2014,
Chaitén in 2008 and Mount St Helens in 1980, Supplementary Figures panel F,
C.15| panel F and panel E). The gradient of the initial recovery appears to be more
linear, like the flow deposits but on quicker time scales similar to the tephra deposits.
Possibly due to the intensity of damage being more severe, like the flow deposits, but
with more surviving legacies, like tephra damage. The average recovery time is ~12.5
years, in the middle of the average recovery times of the tephra and flow deposit sites.
Again the time series are coloured by forest type, with the quickest recovery time in
tropical forest at Kelud (2.5 years) and the slowest is in the temperate coniferous forest
at Mount St Helens (24.4 years). However, it is difficult to compare these recovery times
due to the limited examples of blast impacts and the varying style and scale of eruptions,
Mount St Helens, in particular, being exceptionally large. Given this range, there is also
likely a range in damage mechanisms, although foliage loss and felling of trees is most
likely, causing significant damage but leaving more remnant plant matter compared to

flow deposit areas.

NDVT changes due to the emplacement of lava flows are detected at 6 of the case studies,
all of which are in tropical forests (Figure panel D). Lava flows completely destroy and
remove vegetation and resurface the area. Lava flow surfaces are characterised by very
low NDVT values (usually below 0.2) with little to no NDVT increase detected within our
observation period, meaning we cannot estimate recovery times. This is to be expected
as on average we have ~10 years of data post-eruption to capture any initial stages
of recovery, but lava flows are likely to take hundreds to thousands of years to recover
(Grishin et al.|1996; Kitayama et al. 1995). As such we do not have adequate time series

to estimate recovery times.
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Figure 4.6: A map of the ecoregions of the world (Olson et al. 2001)) with recovery times
(solid circles) and predicted recovery times (dashed circles) for our case studies, coloured
by VEL The key of forest types can be found in Figure 4.1}

The recovery times for each deposit type at the locations shown in Supplementary Figures
- is summarised in Figure Solid circles represent estimated recovery times
and dashed lines represent predicted recovery times. Where we have multiple deposit
types that have either recovered, or have a predicted recovery we take the larger of these
values, to visualise how long the footprint of the eruptive activity is likely to be present
at each target volcano. Circles are also coloured by eruption VEI to detect any trend
in the recovery time (size of circle) compared to the size of the eruption and also how
this may change with distance from the equator (as forests get more temperate). We
also show the difference in distribution of recovery times for tephra deposits compared

to PDCs, which take much longer to recover.

4.4 Discussion

4.4.1 Link Between Eruption Style and Forest Recovery

Volcanic impacts on surrounding forests can vary in scale over orders of magnitude.
While tephra deposits have spatial footprints that extend up to tens of thousands of
kilometres, their satellite detectable impact being more on the order of 100s km? and

usually lasting weeks-months (Figure . Lava flows, in contrast, cover areas up to
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several km? but have an impact on the NDVI of vegetation that will last hundreds, if
not thousands, of years, even over small areas (Del Moral et al. [1999; Grishin et al.
1996; Kitayama et al. [1995). The mechanism of damage, level of destruction, number
and assemblage of remaining biological legacies, and the size and shape of deposit are

all expected to contribute to the duration of damage to the vegetation.

Tephra causes the shortest duration of satellite-measurable damage. The thinnest de-
posits (mm thickness) cover large areas, but with very short impact times, as they will
cause little damage to the vegetation, and little if any NDVI drop making them diffi-
cult to detect. Thicker deposits, which do generate a measurable drop in NDVI (e.g.
deposits thicker than 15 cm generate a signal at Calbuco (Udy et al. [2024))), can take
years to recover (an average of ~2.8 years for our 18 study sites but a wide range from
less than a year to over 6 years). Thicker tephra can abrade leaves and cause foliage
damage and removal, but is unlikely to remove whole plants completely, resulting in a
large amount of legacies even in regions of acute damage, facilitating easier regrowth and
promoting quicker recovery (Foster et al.[1998; Dale, Delgado-Acevedo, et al.|2008). The
impact of volcanic blasts on forests lasts from 2.5 years (Kelud) to 25 years (Mount St
Helens). Although that can be highly destructive, felling trees across large areas, they
leave behind large numbers of legacies due to their lower temperature and felled trees
potentially protecting underlying plant matter. As such, recovery rates are quicker than
within the smaller areas of buried by flow deposits, which can completely remove and

burn vegetation (Dale, Delgado-Acevedo, et al. 2008)).

Flow deposits are most damaging, being a linear shape they have more concentrated
zones of damage with a greater level of destruction due to burial, burning and force
of flows damaging the vegetation (Charbonnier et al. 2013). At our 18 case studies
the largest drops in NDVI, with the longest recovery rates, occur from flow deposits.
For example, at Sinabung, the pyroclastic and lava flows severely damage vegetation,
carving out a strong NDVI decrease that lasts for years following the flow emplacement
(Figure . From the NDVI data alone it is hard to differentiate the effects of lahar

deposits from pyroclastic density current deposits as their spatial footprints overlap
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within the same channels. In two cases (Chaitén and Mount St Helens) we can identify
lahars from published deposit maps (Major and Lara 2013; Druitt 1992)) allowing us to
confidently differentiate lahars from PDCs. At these sites the recovery time is quicker
than that of PDCs, this is to be expected as lahars are cooler than PDCs and so likely
less damaging, leaving more legacies to aid recovery (Charbonnier et al. 2013). Linear
flows also influence recovery, as the distance to healthy vegetation, which helps recovery
and regrowth, is shorter at any point within the affected area (Foster et al.|1998). PDCs
have an average recovery time of 22 years for our 18 case studies. This long recovery time
is due to the level of damage as it will almost totally remove the vegetation in its path as
well as singing neighbouring vegetation (Charbonnier et al. [2013). Finally, the impact
of lava flows on forests has a significantly longer duration as these completely remove
and resurface vegetated areas and require primary succession for a forest to re-establish
itself, a process which can take hundreds to thousands of years even over a small area

(Del Moral et al. [1999; Grishin et al. |1996; Kitayama et al. |[1995)).
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Figure 4.7: A schematic diagram of spatial extent vs impact selected for the identifiable
deposits at each of our 18 case studies. The areas and duration of impact have primarily
been taken from our optical imagery, but where possible have been combined with previ-
ous studies. Estimates taken from previous studies are shown as hollow markers (Major,
Crisafulli, et al. 2020} Lagmay et al.[2021 Balangue-Tarriela et al.[2022; Udy et al.[2024;
Varekamp et al. (1984} Pistolesi et al. [2015; Watt et al. |2009; Sigurdsson et al. [1984)).
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The size and explosivity of an eruption is also a factor in vegetation damage and recov-
ery. More explosive eruptions are likely to damage more vegetation and result in fewer
legacies, making it harder for areas to recover (Carey and Sigurdsson [1989; Self |2006).
Forest damage over a larger area will also increase recovery times as the distance from
the most acute damage zones, where biological legacies are limited, to healthy vegetation
is larger, making regrowth from those sources more difficult, resulting in longer recovery

times (Dale, Delgado-Acevedo, et al. 2008]).

In Figure we can see that VEI 3 eruptions (yellow) tend to have shorter recovery
times. This is further highlighted in Figure panel A, which shows the largest VEI
5 eruptions result in longer recovery times (average of around 50 years), VEI 4 erup-
tions have the intermediate recovery time (average 12 years) and VEI 3 eruptions have
the shortest recovery times (average 9 years). We conducted statistical testing using
ANOVA, pairwise t-tests and linear regression, which confirmed a statistically robust
increasing trend in recovery time with increasing VEI. An exception to this overall trend
is Anak Krakatau, for which we attempt to estimate the recovery time of the PDC
area. The eruption completely removed all vegetation from the central island and as
such there are no remaining legacies to aid recovery. There is no evidence of recovery
in NDVI recorded in our time series (Figure panel E). The island location, and re-
sulting large distance to healthy vegetation does make it possible that recovery will be
exceptionally long and in the region of hundreds of years, as seen here previously and at

other island volcanic systems (Tagawa [1992; Grishin 2011]).

While there is a general relationship between eruption size and recovery time, it can
be complicated by spatial variability in impact intensity. Large eruptions have high
intensity impacts close to the vent but more moderate effects over broader, distal areas
where vegetation may recover more quickly. This spatial heterogeneity highlights the
limitations of using recovery time alone as a tool to measure the ecological impact of an
eruption. Future work could explore metrics that integrate the magnitude, spatial extent
and duration of NDVI decrease to better quantify the overall disturbance footprint and

distinguish between short, intense impacts and longer, diffuse ones. Incorporating such
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metrics would improve comparisons across eruption types, deposit areas and ecoregions.

Recovery time vs VEI

Recovery time vs forest type

Recovery time vs duration of activity

80 O  Flow deposits o O  Flow deposits o
o Tephra o Tephra

— A Blast A Blast
2
260
()
£ © o
3 40
>
E) o o o
o o R
Q 201 g o °o o o
[odd o

8 [e]

a ] Y
8 g g
0 =] 1B ] o o) C
T T T T T T T T T
3 4 5 2% e & o 0 1000 2000
Nl VN B N . L
VEI «z‘;?\xe“’ /\e;;f@&e ﬂz\‘);@é\e"’“o@\:@&e"’ Duration of activity (Days)
0

Forest type

Figure 4.8: A. Recovery time vs VEI for our 18 target volcanoes. B. Recovery time vs
forest type from more temperate (light) to more tropical (dark). C) Recovery time vs
duration of continued activity for PDCs.

The duration of an eruption, or period of prolonged volcanic activity, clearly influences
recovery time in flow deposit areas (Figure panel C). Increasing activity duration
is positively correlated with recovery time, as confirmed by Pearson correlation and
linear regression, indicating a statistically significant and moderately strong relationship
between the two. This effect is particularly evident for flow deposits, where material is
often remobilised and channels may experience multiple lahar or pyroclastic flow events
especially during prolonged or complex eruptions. Such secondary processes can extend
the disturbance period well beyond the nominal eruption duration, resulting in sustained
exposure, greater ecological damage, and delayed onset of recovery due to fewer surviving
biological legacies (Foster et al. [1998; Pierson et al. |2014)). For instance, the shortest
duration eruption examined, Kelud (2 days,) showed recovery at the PDC site in just
over 5 years. In contrast, Merapi, also in Indonesia with the same forest type and VEI 4
eruption classification, experienced month long activity and has a PDC recovery time of
just over 11 years. While the relationship between eruption duration and recovery time
is not strictly linear, likely due to the influence of other factors such as forest type, other
deposits present and eruption style, a positive trend is still evident, with longer eruption

durations generally resulting in longer recovery times.
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4.4.2 Ecotype and Resilience to Volcanic Damage

Tropical forest has quicker recovery times than temperate forests (Figure, on average
recovering 3 years quicker from tephra deposits and 7 years quicker from PDC deposits.
This can be seen in Figure with the larger circles (longer recovery times) tending
to be further from the equator, in more temperate forest areas. We demonstrate this
explicitly in Figure panel B, as we plot the recovery time for each detectable impact
from our case studies with forest type from more temperate (left, light green) to more
tropical (right, dark green). In general, tropical recovery times are shorter in comparison
to temperate forests. This is supported by ANOVA tests, which detected a significant
difference in recovery time between the most temperate and most tropical forest types,
and by linear regression, which confirmed a statistically significant decreasing trend in
recovery time from temperate to tropical forests. This corroborates previous studies into
primary productivity of forests in comparison with latitude, with lower latitude, more
tropical forests having a faster regrowth and succession rate, and so a faster recovery

following damage (Moral et al. [1993; Foster et al.|[1998; Gillman et al. 2015).

Differences in forest type, influence by latitude and associated temperature and humidity
conditions, contribute to variation in vegetation damage and recovery rates following
volcanic eruptions. Our findings show tropical forests, with less seasonality, may be
less vulnerable to eruption related damage during critical growing periods compared to
temperate forests (Foster et al.|1998). This could partly explain the longer recovery times
observed in temperate regions. However, the relationship is complex: eruptions occurring
outside the growing season in temperate forests may reduce vegetation damage due to
species dormancy or below ground seed sources (Dale, Delgado-Acevedo, et al. |2008).
For instance, at Mount St Helens, the springtime eruption meant key plant elements
required for growing, such as buds, remained protected underground (Dale, Crisafulli, et
al.[2005). Additionally, the time of year of the eruption meant residual snow cover further
protected vegetation, preserving more biological legacies to aid regrowth (Franklin 1990;

Foster et al. 1998).

It is important to note that our dataset is dominated by tropical forest sites, limiting
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direct comparisons with temperate forests. This imbalance is difficult to avoid given the
density of active volcanoes in tropical and subtropical forests is more than twice that of
other biomes (Crisafulli et al. 2015)). Beyond broad forest types, species-specific traits
likely also influence patterns of vegetation damage and recovery. Mature plants, with
thicker cuticles and tougher cell walls, may be more resistant to eruption-related stres-
sors (Han et al. [2022; Rankenberg et al. 2021), while juvenile plants may exhibit faster
regrowth following disturbance (Rankenberg et al. 2021; Raihan et al.|[2021). Structural
factors such as tree height may further mediate damage: taller, mature trees may be po-
sitioned above certain deposit thicknesses, shielding both themselves and the understory
from heavy deposits. Evidence from Valdivian forests supports the role of large trees in
facilitating vegetation recovery (Hintz et al. 2021), though these interactions are depen-
dent on species and context. Additionally, the legacy of previous disturbances, such as
time since and severity of past eruptions, likely shapes current vegetation structure and

resilience, influencing both the capacity to withstand damage and the speed of recovery.

4.4.3 Vegetation Recovery and Resilience

Vegetation resilience following volcanic eruptions appears to be strongly influenced by
site specific factors including climate, historical disturbance and vegetation variability,
making simple generalisations difficult. Vegetation resilience, defined as the ability of
an ecosystem to resist and recover from external disturbances such as volcanic eruptions
(Smith, Traxl, et al. 2022)), is known to increase with water availability and vegetation
variability, and is generally lower in regions with greater precipitation variability, such
as temperate climates (Smith, Traxl, et al. 2022; Smith and Boers [2023; Wright 2002).
These patterns may explain the faster recovery observed in tropical forests, as they are
more inherently resilient. However, in volcanic landscapes, resilience may also be shaped
by local factors and eruption history. Although we hypothesised that longer periods
without eruptive activity would correlate with greater resilience, as vegetation would be
more mature, our results did not reveal a clear relationship, likely due to the interplay
of multiple factors. Given that resilience is closely tied to vegetation variability, site-

specific histories of disturbance and recovery may play a critical role. Furthermore, while
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intermediate disturbance levels have been associated with increased species diversity
(Connell|1978; Molino et al. 2001)), and thus potentially greater resilience, the complexity
of volcanic disturbance regimes suggests that predicting resilience remains highly context
dependent.
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Figure 4.9: A. NDVI time series of PDC channel at Kelud (location E in Supplementary
Figurepanel A) B. NDVT time series of PDC channel at Kuchinoerabujima (location
E in Supplementary Figure panel A) C. NDVI time series of PDC channel at Merapi
(location D in Supplementary Figure panel A) D. NDVI time series of PDC and
lahar channel at Mount St Helens (location F in Supplementary Figure panel A)

One possible example of increased resilience post eruption is at Kelud (Figure panel
A). This is in the same location as panel E in Supplementary Figure but extends
back to 1994, to reveal a previous recovery trajectory following PDC and lahar deposits
during the 1990 eruption (Thouret et al. |1998). The subsequent recovery following the
2014 eruption is much quicker, in comparison to this previous recovery, possibly due to
increased resilience following the previous disturbance. In contrast is the PDC recovery
at Kuchinoerabujima (Figure panel B). Unlike at Kelud, the repeated disturbance
happens during the recovery process, before full recovery is reached, and the second
period of recovery is not quicker but follows a similar trajectory (maybe showing nei-

ther increased nor decreased resilience). While it is likely an important factor that
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Kelud reached full recovery before repeated disturbance, Kelud is situated in tropical
forest compared to Kuchinoerabujima in temperate forest, another factor contributing
improved resilience at Kelud. The PDC channel at Merapi shows similarities to Kuchi-
noerabujima, as the recovery trajectory is interrupted by further deposits decreasing
NDVI. However, the NDVT values do not decrease back to their initial low values (like
they do at Kuchinoerabujima) and the recovery rate seems to continue at a similar rate
as in the first 6 years of the post-eruption time. This could be due to some resilience
from the previous disturbance or the difference compared to Kuchinoerabujima could be
due to being tropical forest. Mount St Helens shows a final example of how repeated
disturbance can change recovery trajectories (Figure panel D). This channel was ini-
tially impacted by PDCs during the 1980 eruption and then repeated drops in NDVI can
be detected years after the eruption, likely due to lahar or other channelised deposits
interrupting the recovery. However, it sits somewhere between the previous examples as
although the NDVI decreases are evident the general upward recovery trajectory con-
tinues, potentially showing the resilience in the regrowing vegetation, despite being in
temperate forest. Resilience due to previous disturbance may not only be from previous
eruptions. Shatto et al.[2024] demonstrated at La Palma that vegetation that had previ-
ously been impacted by wildfires recovered faster from volcanic activity. Simultaneously,
they showed how distance was a controlling factor, with vegetation at an intermediate
distance also recovering quicker, as it was close enough to have previously been impacted

and have gained resilience but far enough that the damage was not severe.

Another factor to consider is the impact of multiple volcanic deposits or deposit types
simultaneously or in short succession, and how the order of these deposits may impact
the level of damage and subsequent recovery. Our study focuses on differentiating the
different deposits to assess the differences in the damage and recovery so we try and
avoid locations of multiple impacts. As seen at Kuchinoerabujima, Merapi and Mount
St Helens in Figure multiple disturbances during the recovery process will slow the
recovery. Equally, multiple deposits at the same time during an eruption will likely lead

to more damage, a more complex damage zone and fewer legacies, resulting in increased
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recovery time (Foster et al. 1998). But this was not the case at Mount St Helens, where
the initial blast felled trees, subsequently protecting the underlying vegetation from
tephra and PDC deposits, resulting in more legacies post eruption and greater recovery
as a result (Franklin|1990; Foster et al.|1998). While shown at Kelud and Mount St Helens
that further disturbance during the recovery process can hinder recovery it can also aid
it. It has been shown that ash deposits on lava flows can actually improve vegetation
succession and lead to increased biomass as the vegetation recovers (Kitayama et al.
1995). Demonstrating that the relationship between volcanic impacts and vegetation
recovery and resilience is complex and likely to change in different environmental settings,

with different eruption dynamics and even at different times of year.

Volcanic eruptions can impact forests over thousands of square kilometres, with impacts
detectable from optical satellite imagery over 10s-100s of square kilometres. The recovery
time for these impacts is most commonly less than 7 years for tephra deposits and less
than 30 years for PDC deposits (Figure [4.6). Particularly large, explosive eruptions in
temperate forests can see lasting damage for multiple decades (Figure . This time
period extends dramatically when considering lava flows which will remain unvegetated,
or differ from the surrounding vegetation for 100s-1000s of years (Grishin et al. [1996;
Kitayama et al.|[1995; Cutler, Belyea, et al.|[2008). This allows study of forest disturbance
patterns as an insight into eruptions deposits and previous eruptions for decades following

a sufficiently destructive eruptive event.

4.5 Conclusion

Using optical satellite data, we detected and analysed forest disturbance and recovery
at 18 volcanoes, spanning 64 eruption periods, 4 forest biomes and different eruption
styles. We found that tephra deposits, while covering the largest areas, were associ-
ated with the fastest recovery times (~2.8 years), followed by volcanic blast zones (~
12.5 years), and pyroclastic density currents, which exhibited the longest recovery pe-
riods (~ 22 years). These patterns reflect the severity of vegetation damage and the

amount of surviving plant matter following the disturbance. Recovery times were also
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influenced by eruption size, duration, and forest type, with larger and longer eruptions
resulting in greater forest damage and extended recovery periods. Tropical forests gener-
ally exhibited faster recovery, likely due to higher regrowth rates and greater vegetation
resilience. Overall, most affected forest recover within approximately 30 years, although
particularly large or severe eruptions, especially those involving lava flows, may extend
recovery times substantially. Our findings offer new insights into post-volcanic forest dis-
turbance dynamics and the timescales over which eruption impacts remain detectable in
vegetation, providing valuable markers for reconstructing volcanic histories from forest

characteristics.
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Chapter 5

Discussion and Conclusions

This thesis has explored the use of remote sensing, particularly optical and radar satellite
data, to monitor vegetation damage and recovery following volcanic eruptions. Through
the previous three chapters I have demonstrated how remote sensing, primarily NDVI,
backscatter and coherence, can effectively detect forest disturbances caused by volcanic
activity including tephra deposition, flow deposits and volcanic gases at a range of en-
vironmental settings. I have also shown how the same techniques can track the post-
eruption recovery, revealing insights into the controlling factors of vegetation recovery

rate and influences on vegetation resilience.

In this chapter, I provide an overview of the findings of the previous three chapters and
how it has advanced understanding of vegetation damage and recovery following volcanic
eruptions. I then discuss how these outcomes may be applied in the future, either to
non-volcanic hazards, such as wildfires or drought, or using upcoming missions to further

advance remote sensing for monitoring vegetation damage at volcanoes
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5.1 Remote Sensing of Vegetation Response to Volcanic

Disturbance

5.1.1 Vegetation Damage from Volcanic Eruptions and Emissions

Monitoring volcanic eruptions is essential due to their wide-ranging environmental im-
pacts, which can significantly affect surrounding ecosystems and local communities through
a variety of damage mechanisms. These impacts include immediate physical damage from
volcanic deposits such as tephra, pyroclastic density currents and lava flows, as well as
more subtle and longer-term effects caused by volcanic gases. Understanding both the
spatial extent and the different mechanisms of vegetation damage is crucial for assessing
environmental impact and ecosystem resilience. This aids interpretation of past volcanic
activity and deposits, which is essential for developing a complete eruption history to re-
veal eruption frequency, a key component for accurate risk assessment and preparedness

for future events.

In this study, I presented observations of volcanic impacts on surrounding vegetation
(primarily forests) using NDVI, backscatter, and coherence. These remote sensing mea-
surements were sensitive and effective indicators of vegetation damage resulting from
a variety of volcanic deposits, including explosive tephra fallout and pyroclastic flows.
They were also effective at detecting the wide range of impacts due to volcanic gases
(primarily SO3). SO9 can cause chlorophyll loss and photosynthesis inhibition, result-
ing in a range of damage from colour change in leaves through to total plant death.
The combination of optical and radar measurements allowed the detection of this range
of damage. The persistence and severity of gas-induced vegetation damage varied de-
pending on emission duration, environmental and weather conditions, and ecosystem
sensitivity. Some regions may experience relatively short term impacts lasting several
months, while others suffer longer term disturbance spanning years or even decades.
Recognising the range of damage is vital for interpreting remote sensing data and for
developing comprehensive assessments of volcanic impacts on environment. Future work

integrating gas emission monitoring with satellite observations could enhance our ability
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to distinguish these effects and improve estimates of the impacts of volcanic gases on

vegetation and predictions of vegetation recovery trajectories.

NDVI was the most sensitive to vegetation changes due to volcanic activity, with the
most severe disturbances resulting in NDVI drops of up to 0.8, while more subtle dam-
age was still detectable with changes as small as 0.1. Because NDVI captures changes
in the red-edge region of the vegetation reflectance spectrum, it provides valuable infor-
mation on vegetation health and coverage. However, it is limited in detecting structural
changes or shifts in species composition, as it measures the greenness. To address these
limitations, radar backscatter data offered additional insights. While it did respond to
material emplacement and vegetation changes it was less sensitive compared to NDVI.
At Calbuco, backscatter increased with the emplacement of volcanic material and later
declined, although it did not return to pre-eruption levels. A notable observation was
the change in backscatter variance, which I hypothesise reflects a more heterogenous
post-eruption vegetation structure, resulting in a wider variety in scattering retrievals.
Similar patterns emerged at Turrialba, where variance in backscatter differed depending
on proximity to the vent as it recovered after SOs exposure. Areas closer to the vent,
severely affected by SOy emissions, initially showed large increases in variance which do
not begin to recover, possibly reflecting the new structure of the vegetation as it recov-
ers. In contrast, areas further from the vent started to show a return to lower variance
and more stable backscatter values, potentially indicating more dense vegetation and
homogenous regrowth. Radar backscatter also proved useful in distinguishing between
primary causes of damage, such as at Krakatau, where similar declines in NDVI could
be attributed to predominantly tephra damage or SOy damage due to changes in, or lack
of changes in backscatter. Finally, coherence analysis, particularly at Calbuco provided
a valuable complementary perspective. Loss of coherence aligned well with areas of veg-
etation loss, especially over flow deposit areas and spatially correspond well with areas
of large NDVI decrease. Importantly, coherence increased again in areas of regrowth,
reinforcing the NDVI evidence of recovery. Compared to backscatter, coherence was

often more directly interpretable in terms of vegetation presence or absence.
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K-means cluster analysis proved to be useful additional tool to the time series analysis of
the optical and radar data. At Calbuco, where deposit information was already known,
clustering NDVI data successfully identifies and delineated volcanic deposits. Similar
patterns emerged in the clustering of coherence, though NDVI produced more distinct
and interpretable results. That said, coherence remained a useful alternative when op-
tical data coverage is extremely limited. One of the key outcomes of the NDVI cluster
analysis was the ability to estimate tephra isopachs, particularly in the proximal, severely
damaged regions where field access was limited or impossible. While assigning absolute
thickness values to these isopachs required field estimates from Romero, Morgavi, et al.
(2016)), this approach demonstrated how remote sensing could complement and extend
field data. Although field measurements remain essential for calibration, NDVI-derived
clusters allowed a re-estimation of tephra deposit volume, reinforcing the potential of this
method for remote, hazardous, or otherwise inaccessible locations. The isopach maps
generated from NDVT closely aligned with those produced from field measurements and
fell between the field based maps of Romero, Morgavi, et al. (2016) and the modelled
plume isopachs from Hayes et al. (2019), suggesting strong reliability. Encouraged by
the success at Calbuco, I applied this clustering approach to 18 additional case studies,
where it again proved useful to differentiate deposit types and delineate the extent of
damage, especially when used alongside supporting datasets and imagery. A key lim-
itation of this method is the threshold of detectability. At Calbuco, damage from ash
deposits thinner than approximately 15 cm was difficult to reliably detect. This sug-
gests a minimum thickness is needed to produce measurable NDVI declines. However,
this threshold likely varies depending on factors such as forest type, leaf structure, and
weather conditions. For instance, thinner deposits may still cause significant NDVI drops
if ash persists on foliage due to a lack of rainfall. This warrants further investigation to
refine the method’s sensitivity and applicability across environments, but reinforces its

ability in the areas of most intense damage and largest deposits.

Based on observed trends in remote sensing data, the following table provides a practical

guide linking common changes in satellite measurements to likely vegetation responses
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or disturbances following volcanic activity. This summary is intended to assist users in
interpreting volcanic impacts on vegetation and in selecting appropriate remote sensing
tools. It is not exhaustive, as vegetation responses can be highly variable depending on

eruption characteristics, vegetation type, and local conditions.

Table 5.1: Interpretation of vegetation damage based on remote sensing data

NDVI Backscatter | Coherence | Spatial Duration | Interpretation
Extent
Large Minimal or | Large in- | Linear Years- Vegetation removal by
decrease some change crease or chan- | decades flow deposit
nelised

Moderate | Decrease Increase Large, sec- | Years Canopy or plant removal

to large toral due to volcanic deposits

decrease e.g. thick tephra or gas
emission

Small Minimal to no | Minimal to | Diffuse, days - | Vegetation damage due

to mod- | change no change sectoral months to ash deposits with

erate likely quick recovery

decrease

Decrease | no change - Variable Months Vegetation damage due
to volcanic gas caus-
ing photosynthesis inhi-
bition and colour change
with minimal leaf loss

Decrease | Decrease - Variable Years- Vegetation damage due

decades to volcanic gas causing

leaf loss and possible
plant death

No or | No change No change Variable Variable Minimal or no vegetation

minimal impact

change

Increase Increase Decrease Variable Long term | Post-disturbance vegeta-
tion recovery

Overall, this analysis shows that remote sensing, both optical and radar, offers valuable,
high-resolution (up to 10 m) insights into the spatial distribution and severity of volcanic
disturbance. These tools are especially powerful when integrated with field data, enabling

a more complete understanding of eruption processes and their ecological impacts.

5.1.2 Post-Eruption Vegetation Recovery Dynamics

In addition to detecting vegetation disturbance, optical and radar data also proved ef-

fective in quantifying recovery rates across a variety of environmental settings. Recovery
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is defined as the return to pre-eruption satellite derived measurements, e.g. a return to
the pre-eruption NDVT or radar values. Recovery rates primarily varied by deposit type,
while this is expected, it has previously not been quantified using data from a range
of eruptions and environmental settings. Tephra deposits demonstrated the fastest re-
covery, with an average of 2.8 years with a range spanning from a few months to six
years. It was distinguished from other deposits by a rapid initial recovery rate, before
a slower progression back to pre-eruption levels. Volcanic blasts, examined at Kelud,
Chaitén, and Mount St Helens, showed more varied recovery patterns due to differences
in eruption scale and intensity, but recovery took an average of 12.5 years. Blast zones
generally exhibited recovery rates that were intermediate between tephra and PDC de-
posits. However, given the limited number of sites studied, broader generalisations about
blast recovery dynamics remain tentative. PDC deposits were significantly more damag-
ing, averaging over 20 years to recover, but with a wide range of recovery times ranging
from just over five years to predictions exceeding 50 years. These areas experienced a
sharp initial drop in NDVI followed by a slow and consistent recovery trend. This al-
lowed extrapolation of recovery times even for areas that had not recovered by the end
of the observation period studied. Lava flow deposits, observed at six volcanoes, showed
no meaningful recovery within the available time series. Based on surface characteristics
and biological succession rates, full recovery in these zones is expected to take hundreds
to thousands of years, significantly greater than other deposit types. Volcanic gas im-
pacts, observed at 5 volcanoes, showed a wide range of recovery time from as little as
~ 4 months to multiple decades. This variability reflects both the duration and inten-
sity of gas emissions, which can range from a few hours or days to persistent degassing
lasting years. It also depends on environmental factors influencing gas exposure, such as
where and how long the plume grounds, as well as environmental conditions like wind,
temperature, and humidity. Because of this, defining a precise onset time and thus the
subsequent recovery time is challenging; however, the wide range of recovery durations

is clearly evident.

Recovery time generally increases with severity of disturbance. More explosive eruptions
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with larger-volume deposits had longer recovery periods. Flow deposits, such as lava and
PDCs, which physically remove or destroy vegetation, were associated with the slowest
recovery. A key factor influencing this pattern is the presence, or absence, of remnant
biological legacies. Tephra deposits typically leave more plant material intact, facilitating
quicker regrowth. Blast zones, though destructive, often leave behind some biological
material that can aid recovery, as demonstrated at Mount St Helens. In contrast, PDCs
and lava flows tend to strip or bury vegetation entirely, sometimes creating new substrates
that require full ecological succession. Possible future work could apply the techniques
presented here to study ecological succession on new volcanic surfaces such as lava flows,
as well as newly formed volcanic islands. This would help to understand how satellite
data can inform early ecosystem development and successional processes in volcanic

environments.

As biological legacies diminish, recovery times increase. However, recovery is influenced
by a wide range of interacting factors, making it difficult to isolate the most control-
ling variables. In addition to eruption parameters like deposit type, VEI, and activity
duration, environmental conditions play a crucial role. For example, the type of forest,
particularly whether it is tropical or temperate, was a clear factor in the 18 case studies
examined in Chapter 4. Other factors likely influence recovery as well. At Calbuco, for
instance, areas with slower recovery appeared to correspond with steeper slopes or vary-
ing topography. While this thesis does not explore all these variables in depth, future
studies could investigate how elevation, slope, and other site-specific conditions influence
recovery. One possible direction would be to compare recovery times for eruptions of
similar size within the same forest type, for example, several Indonesian volcanoes due
to close proximity and similarity, examining whether differences can be attributed to

elevation, slope, or broader ecological and social contexts, even within the same biome.

Overall, the majority of affected areas achieve significant recovery within approximately
30 years. However, this timeline is significantly extended in regions impacted by lava

flows, and recovery may be further delayed in cases of continued volcanic activity.

125



5.1. Remote Sensing of Vegetation Response to Volcanic Disturbance

5.1.3 Insights into Vegetation Resilience

Understanding vegetation resilience, the ability of an ecosystem to resist and recover
from external disturbances such as volcanic eruptions, is key to assessing long-term
environmental recovery and evaluating how volcanoes shape their surrounding ecosystem.
While the primary focus of this thesis was on disturbance and recovery patterns, the
patterns observed across multiple case studies offer valuable insights into the nature
of resilience, whether it is inherent or acquired over time. Tropical forests are more
resilient than temperate forests, due to water availability and species variety, and this is
likely the cause of their quicker observed recovery times. Some species will be naturally
more resilient to specific disturbances, such as by having thicker cuticles protecting from
volcanic gases or being more mature, or taller, increasing resilience to deposits such as

tephra or flow to a certain depth.

Vegetation at volcanoes may also gain resilience due to repeat exposure. This could be
the explanation to increases in recovery rate at Kelud following previous disturbance
or the ability for recovery at Turrialba despite long term SOs flux. It has previously
been hypothesised that disturbance can improve resilience but only to a degree and
with intermediate levels of disturbance. This is the foundation for the intermediate
disturbance theory (Connell 1978; Molino et al. 2001), that vegetation experiencing
intermediate disturbance levels results in maximum diversity which in turn results in
resilience. This vegetation at an intermediate distance will have experienced previous
disturbance, but been able to recover as damage was not too severe, and as a result
it shows maximum diversity and is more resilient, and will have faster recovery rates
post disturbance (Molino et al. 2001). This was explored at La Palma by Shatto et
al. 2024, which found that vegetation at intermediate distances, which had experienced
intermediate disturbance levels, had the quickest recovery rate. This theory could explain
the observations at Calbuco, where a more proximal ash area recovered faster than an
area further away, possibly the first location had more inherent resilience due to it being

closer to the vent.

Investigating this pattern further would be a promising avenue for future research. A
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targeted approach might involve selecting multiple case studies with stratified sampling
at varying distances from the eruption centre, either using satellite data or field data,
to assess the spatial gradient of recovery rates and resilience. This could help determine
whether an optimal “intermediate zone” exists where biodiversity and recovery rates peak
and potentially confirm how broadly applicable the intermediate disturbance theory is
to volcanic eruptions. While Sentinel-2 NDVI data was shown effective at La Palma,
successfully detecting recovery rates that peaked at intermediate distances from the vol-
cano (Shatto et al. 2024]), finer-scale resilience traits such as species turnover, structural
heterogeneity, and legacy effects may require complementary ground-based data in some

locations.

5.2 Future of Remote Sensing for Monitoring Vegetation

Damage from Eruptions

While this thesis has advanced the use of satellite data to monitor vegetation distur-
bance, recovery, and resilience in volcanic settings, there remains substantial room for
further progress. I believe this work lays important groundwork, particularly as upcom-
ing satellite missions, particularly SAR missions at longer wavelengths, hold significant

potential to enhance and expand this field.

5.2.1 Future Satellite Missions

Table summarises upcoming and additional satellite missions that have the potential
to enhance understanding of vegetation disturbance and recovery in volcanic environ-
ments. Among these, the forthcoming SAR missions, Biomass (2025), NISAR (2025),
and ROSE-L (2028), are particularly promising due to their use of longer-wavelength
radar, which is advantageous for studying vegetation. L-band (NISAR and ROSE-L)
has a wavelength of 15-30 cm and will penetrate through the canopy, enabling retrievals
of understory vegetation as well as the crown layer. P-band (Biomass) has a wavelength
of 30-100 cm and again will penetrate through the canopy and to the ground and has high

cross polarised returns. This sensitivity to biomass structure and volume could prove
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Table 5.2: A summary of additional or upcoming satellite missions that may advance
the field of measuring vegetation damage at volcanoes (Quegan et al.|2019; Roy, Huang,
et al. 2021; Das et al. 2021)

Satellite Type Launch Bands Spatial res- Repeat time
date olution
Biomass Radar (P- 29th April Quad polari- up to 50 m 3-day
band) 2025 sation
NISAR Radar (L and June 2025 up to quad 3-10m 12 day
S-band) polarisation
ROSE-L Radar (L- 2028 up to quad up to 50 m 3-6 day
band) polarisation
PlanetScope Optical 2014 8 spectral up to 3 m 3-6 day
bands
WorldView-3 Optical 2014 29 spectral  up to 0.31 m 1-4.5 day
bands

particularly relevant in densely vegetated volcanic settings where C-band SAR may not

be capturing the full vertical vegetation dynamics.

One area with significant potential for advancement is the monitoring of understory
vegetation, which may serve as a more sensitive indicator of disturbance and early-stage
recovery than taller canopy trees. This aspect was not fully explored in the current study
due to sensor limitations but could be investigated more robustly using the P- and L-
band SAR capabilities of these missions. These longer-wavelength systems, particularly
when utilising cross-polarisation and frequent repeat cycles (up to every 3 days), will

enable more detailed temporal monitoring of regrowth processes following eruptions.

In addition to radar, additional optical missions, such as those from PlanetScope and
WorldView-3 offer higher spatial and temporal resolution. These could improve the
detection of fine-scale features, including narrow or fragmented flow deposits and thin
tephra layers that may not persist long enough or be spatially extensive enough to be cap-
tured at Sentinel-2 or Landsat resolutions. The shorter revisit times of these commercial
optical constellations, though still affected by cloud cover, also increase the likelihood of

capturing transient post-eruption changes shortly after deposition or disturbance events.

Together, these upcoming missions offer substantial opportunities to build on the work
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presented in this thesis. By incorporating higher-resolution observations, longer wave-
length SAR, and more frequent temporal sampling, future studies will be better equipped
to quantify complex vegetation responses to volcanic activity. With this in mind, I have
considered potential future targets that could most effectively leverage these enhanced
observational capacities (shown in Figure . These targets were not included in this
study either due to excess cloud cover (e.g. Soufriére St. Vincent, Reventador), limited
vegetation (e.g. Kilauea, Wolf, Ruang), smaller scale disturbances (e.g. Tinakula), or did
not fit the criteria but may be a useful study site (e.g. Arenal), or a combination of these
factors. I also include some targets with high SOg flux (e.g. Kilauea, Manam, Ambae,
Miyakejima) to expand on the work in Chapter [3| and try to include targets in omit-
ted regions (e.g. Shiveluch, Etna, Nyiragongo + Nyamuragira) to expand on the work
in Chapter [ As such these targets would potentially benefit from the higher spatial
and temporal resolution optical data to increase cloud-free images or highlight smaller
scale disturbance. Targets with particularly dense cloud cover would benefit from longer
wavelength SAR to provide more detailed observations on potential vegetation damage
without the use of optical. This would be useful at Ambae, for example, where there
is high SOy flux (mean of 2870 t/d (Carn et al. 2017)) and recent eruptive activity.
Notably, complementary work has been undertaken at a neighbouring island volcano,
Ambrym, by Richard Harvey, a Master’s student I am co-supervising, focusing on veg-
etation impacts due to SO9 using backscatter as there are no cloud-free optical images.
This study could provide useful comparative insights and demonstrates the potential of
radar data in persistently cloudy regions, suggesting that the upcoming availability of
longer-wavelength SAR sensors may yield even more effective observations of vegetation

dynamics in such challenging environments.

5.2.2 Incorporation with Field Campaigns

Satellite remote sensing offers a powerful means of assessing vegetation disturbance and
recovery over large spatial and temporal scales, often exceeding the coverage possible
in field campaigns. However, it is not a replacement for field studies. Ground-based

observations provide crucial context, such as assigning deposit thicknesses to tephra-
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affected areas or confirming the presence of specific vegetation types, that cannot be
derived solely from satellite data. Field campaigns, however, are not always feasible.
Political instability, rugged terrain, dense vegetation, or limited funding can make ground
surveys difficult or impossible. In such cases, the remote sensing approaches developed
in this thesis are especially valuable. They can serve as a stand-alone tool to map and
monitor change where field data is sparse or absent, and perhaps more importantly, they
can be used to enhance and guide fieldwork by identifying priority areas, reducing the

scope of campaigns, and filling observational gaps in inaccessible zones.

If I were to plan a field campaign to build on this work, it would focus on selected volca-
noes in Indonesia, namely Kelud, Semeru and Merapi. Between them, all deposit types
investigated as part of this study are represented and they all have eruptions of VEI4
and sit within the same forest and climate type. It would be an opportunity to better
quantify how environmental conditions impact vegetation e.g. topography, distance from
eruption centre, and what effects are site/eruption specific. I would assess vegetation
coverage, health, density and height at multiple sites located at varying distances from
the volcano to capture spatial variations in recovery patterns. Vegetation coverage and
density would be quantified using standardised quadrants or transects, estimating per-
cent ground cover and species composition to identify differences in community structure.
Plant height would be measured directly on representative individuals to gauge struc-
tural complexity. Plant health could be assessed by measuring leaf chlorophyll content
to estimate photosynthetic capacity and stress levels in dominant species. This would

be particularly interesting at Semeru to assess the impacts of volcanic gas.

These ground-based measurements would complement satellite observations by provid-
ing detailed, site-specific data that clarify ecological mechanisms behind observed remote
sensing trends, such as changes in backscatter variance. This approach would allow as-
sessment of heterogeneity in recovering vegetation that may be undetectable from space
or to detect differences in recovered vegetation assemblage which were not detected by
optical and radar data. Additionally, sampling vegetation at increasing distances from

the volcano could provide insights into how resilience varies with proximity to disturbance
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sources and determine how applicable the intermediate distance theory is in relation to
volcanic disturbances. If possible, the establishment of permanent monitoring plots at
these sites would allow long term tracking of vegetation dynamics and resilience in re-
sponse to ongoing volcanic disturbance. This integration of satellite data and fieldwork
offers the most comprehensive approach for understanding volcanic impacts on ecosys-

tems and represents a powerful path forward for future research.

5.2.3 Applicability to Other Disturbances

Although this study focuses on volcanic eruptions, the remote sensing methods and an-
alytical approaches developed here have broader relevance for other types of landscape
disturbance. In particular, events such as wildfires, landslides, floods and severe storms
share key characteristics with volcanic activity: they often occur suddenly, can produce
substantial ecological and geomorphological impacts, and are frequently difficult or dan-
gerous to monitor on the ground. The ability to map disturbance extent, characterise
severity, and track recovery using satellite data therefore offers significant advantages in

these contexts.

Volcanic activity serves as a valuable testing ground for these approaches due to the
diversity and intensity of the disturbances it produces, ranging from abrupt vegetation
burial to prolonged gas exposure. However, many of the core principles, including the
use of NDVI to quantify vegetation health and radar metrics (e.g. backscatter change,
coherence loss) to assess structural changes, are directly transferable. For example,
wildfires similarly cause abrupt vegetation loss and canopy thinning, producing sharp
NDVT declines and coherence loss in interferometric SAR datasets. These similarities
suggest that post-fire dynamics could be effectively studied using similar methods, with

the potential to extract comparable metrics such as recovery times.

This is particularly relevant as wildfire frequency and intensity continue to rise glob-
ally, driven by climate change and land-use change. As noted in recent work by Shatto
et al. (2024)), understanding ecosystem resilience in the face of repeated disturbance is

becoming increasingly important. Building on this, one promising direction is to inves-
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tigate whether vegetation communities regularly exposed to volcanic activity, such as
those near active vents or in frequently tephra-impacted zones, develop forms of adap-
tive resilience that influence their responses to other disturbance types. This could be
particularly valuable in comparing multiple disturbance response: for instance, whether
frequent ash exposure leads to increased tolerance to canopy damage or soil disruption
from fire. It would be interesting to investigate whether this potential pattern holds
across different types of volcanic eruptions, or if exposure to only specific deposit types
enhances resilience to other forms of disturbance, and whether such effects are consistent

across diverse ecosystems.

Nonetheless, the transferability of these methods is not without limitations. For example,
wildfires are often concentrated near human settlements or in managed landscapes where
post-disturbance trajectories may be heavily influenced by human intervention. These
factors may obscure the natural recovery dynamics and complicate direct comparison
with volcanic landscapes, which are often more remote and left to regenerate. Despite
these considerations, the integration of optical and radar datasets, particularly coupled
with clustering and time-series analysis, holds potential for multi-hazard disturbance
mapping. These methods enable assessment of disturbance severity and distribution,
recovery trajectories and the effects of ecosystem resilience. Expanding this framework
to encompass a broader range of disturbance types could reveal key differences and
commonalities in recovery processes, highlighting how ecosystems adapt, or fail to adapt,

under varying intensities, frequencies, and combinations of environmental stressors.

5.3 Conclusion

This thesis has demonstrated the value of optical and radar satellite data in assessing veg-
etation disturbance caused by volcanic eruptions. Through a suite of global case studies
across diverse ecosystems, I have shown the effectiveness of remote sensing in detecting,
differentiating, and even mapping volcanic deposits. This method is widely applicable
and particularly valuable in inaccessible regions, offering comprehensive spatial coverage.

When combined with field data, it provides a robust and nuanced analysis of volcanic
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impacts. The insights gained into vegetation recovery offer indicative timelines for how
long volcanic disturbance may persist in the landscape, raising the possibility of using
vegetation patterns to infer past eruptive activity. Furthermore, this study contributes to
a better understanding of vegetation resilience in volcanic settings, including how ecosys-
tems resist and recover from repeated disturbances. Overall, these findings present new
opportunities for monitoring volcanic activity through the lens of vegetation change and
suggest broader applications for mapping and assessing disturbance from other natural

hazards.
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Supplementary information:

Chapter 2

A.1 SAR processing flow chart

A.2 Study areas

We use five sites around Calbuco to illustrate the impact of different volcanic deposits on
vegetation and recovery rates, we selected 3 areas impacted by tephra fall, at increasing
distances from the vent and decreasing tephra thickness. The most proximal tephra
fall area, shown in light blue, is 3 km to the north east of the vent (83 by 134 pixels,
1.2 km?), between the 30 cm and 60 cm isopach from SERNAGEOMIN in Hayes (2019).
The medial tephra fall area, in dark blue, is 5 km to the north east of the vent (56 by
78 pixels, 0.5 km?) going through the 30 cm isopach. The most distal tephra fall area,
shown in purple, is 8 km away from the vent (56 by 78 pixels, 0.5 km?) between the
20 cm and 30 cm isopach. We define an area impacted by channelised PDC deposition
3.7 km away from the vent (14 by 23 pixels, 0.04 km?). Finally, we select an area
not directly impacted by the eruption material, the 'unaffected area’ situated in dense
forest 12 km to the south east of the volcano (223 by 222 pixels, covering an area of

approximately 4 km?). We select the study areas using the optical imagery to assess for
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Figure A.1: A flow chart illustrating our SAR processing steps using GAMMA remote
sensing software to produce backscatter and coherence images.
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Backscatter variance
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Figure A.2: Backscatter variance changes substantially from pre-eruption to post-
eruption. Each box plot represents a year starting from April 2014 (due to the time
of the eruption). The pre-eruption variance was 0.15, increasing to 3.18 post-eruption
before decreasing with time to around 1.

uniform land surface and to only include pixels impacted by the specified deposit type.
As such the PDC region is small to ensure only pixels impacted by the channelised PDC
were included, and eliminating pixels at the boundary of the channel. We maximise the
possible size of the study areas as we then take the mean value for all pixels within the
region, reducing any potential influences from anomalous pixel values e.g. due to cloud

cover in the NDVI dataset.

A.3 Backscatter variation

The variation in the backscatter values after the eruption onset (April 2015 - April 2016,
variance 3.18) is greater than before the eruption (October 2014 - April 2015, variance
0.15), and although the variance decreases with recovery it does not reach pre-eruption
values (April 2016 - June 2023, average variance of 0.89) (Figure [A.2]). This may be
due to structural changes to the vegetation, and would be consistent with the vegetation
coverage becoming less homogeneous post-eruption, a change that may not be apparent
in the NDVI or the coherence. This increase in post-eruption variance also meant the

cluster analysis struggled to form meaningful clusters for the backscatter time series

(figure [A.3).
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Figure A.3: Clustering of backscatter over the whole time series.

Enclosed isopach thickness (mm) | Thickness (m) | Area (km?) | Area®?
550 0.55 32.25 5.6789
400 0.4 67.85 8.2371
300 0.3 98.61 9.9303
180 0.18 163.46 12.7851
150 0.15 208.11 14.4260
60 0.06 392.48 19.8111

5 0.005 3854.9 62.0878
4 0.004 14619 120.9091
2 0.002 23756 154.1298
1 0.001 45271 212.7698
0.5 0.0005 87959 296.5788
0.1 0.0001 150683 388.1791

0.5

Table A.1: Table of enclosed isopach thickness estimation and area”-°.
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Figure A.4: The difference maps from NDVI, coherence and backscatter (figure 2, 4
and 5 panels E-G) A) NDVI co-eruptive change (26/02/2014 - 27/10/2015), B) NDVI
post-eruption change (27/10/2015 - 17/02/2023), C) NDVI total change (26/02,/2014
- 17/02/2023), D) co-eruptive backscatter change (23/10/2014 - 15/05/2015), E) post-
eruption backscatter change (15/05/2015 - 02/06/2023), F) total backscatter change
(23/10/2014 - 02/06/2023), G) co-eruptive 24-day coherence change (23/10/2014 -
08/06/2015), H) post-eruption coherence change (15/05/2015 - 25/05/2021), I) total
coherence change (23/10/2014 - 21/01/2023), the dates show the first date of the first
acquisition and the last date of the second acquisition, showing the span of time captured
by the coherence change.
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Figure A.5: Graph of thickness vs area for the re-estimated isopachs using the method

from Pyle (1989) and Pyle (1995), and based on two exponential segments.

Proximal segment | Distal segment
T, 1.4174 0.0134
k 0.159 0.012
Tiast 0.0091 0.0091
by 2.4595 32.5889
V (km3) 0.1861
Correction base (Pyle 95) 0.1078 0.0108
Used Correction (Pyle 95) 0.0970

Table A.2: Data for proximal and distal segments for volume re-estimation

Final V' (km?)

0.2831

Mass (kg)

339691576742.17

Magnitude

4.5311

Table A.3: Table of resulting values of volume, mass (using nominal density of 1200

kg/m3) and magnitude
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Figure A.6: Our estimated isopachs used to re-estimate the total eruption volume.
Isopachs for thicknesses 15 cm and greater have been re-estimated using our cluster anal-
ysis, isopachs with thicknesses 6 cm and lower have been taken from (Romero, Morgavi,
et al. A) The proximal isopachs, overlain on Sentinel-2 optical image of Calbuco.
B) The distal isopachs from (Romero, Morgavi, et al. , used to re-estimate the
eruption volume, overlain on Sentinel-2 optical image.
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Figure B.1: A comparison of different vegetation indices reported to be beneficial to
measure vegetation damage (Hawrylo et al. . The time series is for the same area
as indicated in (to the NE of Sertung island). Panel A) shows the time series for
NDVI, B) is the time series for GNDVI, panel C) is the time series for the MTCI.
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Sentinel-2 reflectance spectra Sentinel-2 reflectance spectra
A 22/02/2020 B 17/04/2020

I Band value M Band value

Figure B.2: A comparison of the Sentinel-2 reflectance spectra before (A. 22/02/2020)
and after (B. 17/04/2020) the sulphur plume impact on the island of Sertung for bands
1-14.
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B.2 Backscatter variance at Turrialba
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Figure B.3: A) Backscatter time series for VV and VH polarisation backscatter at a
location 1.5 km from Turrialba’s Crater. B) The backscatter variance for the time series
in panel A. C) Backscatter time series for VV and VH polarisation backscatter at a
location 2.3 km from Turrialba’s Crater. D) The backscatter variance for the time series
in panel C. E) Backscatter time series for VV and VH polarisation backscatter at a
location 2.9km from Turrialba’s Crater. F) The backscatter variance for the time series
in panel E.
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B.3 Masaya
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Figure B.4: A) NDVI difference image from 06,/01/1987 until 21/01/2010 with locations
of 6 transects along the downwind area of damage from Masaya. Panels B-G show the
NDVT along transects 1-6, each from x to y showing the changes in NDVI along the
transect from 1987, 2010 and 2024.
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Figure B.5: A) A k-means clustered image over Masaya, all NDVI images are clustered
into 5 clusters, of which, cluster 3 highlights the area downwind of Masaya to the SW.
B) the NDVI time series for cluster 3.
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Figure B.6: A) Sentinel-1 VV Backscatter difference map from July to November 2023.
B) VV backscatter timeseries for the 2 locations marked in panel A. C) Sentinel-1 VH
Backscatter difference map from July to November 2023. D) VH backscatter time se-
ries for the 2 locations marked in panel A. The difference map is between a monthly

backscatter composite for July 2023 which is subtracted from a November 2023 monthly
backscatter composite to generate the difference map.
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Figure B.7: Variations in wind direction at Semeru throughout the year for 2019, 2021
and 2023.
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Appendix C

Supplementary information:

Chapter 4

C.1 Case studies

C.1.1 Sinabung

A stratovolcano in Indonesia at 3.1’N with an elevation of 2460 m, Sinabung has a
tropical and subtropical moist broadleaf forest cover in a tropical rainforest climate.
From 2010 until present Sinabung has had 4 eruptions, all with VEI 3 or 4, in August -
September 2010, September 2013 - June 2018, February - June 2019 and August 2020 -
September 2021. Prior to this there had not been a confirmed eruption in at least 1000
years. The 2010 eruption was short-lived and consisted of ash fall, so we will be focusing
on the eruptions from 2013 onwards which exhibited tephra, pyroclastic flows and lava
flows, with flow deposits primarily down the S and SE flanks (supplementary figure
(Pallister et al. [2019)).
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Figure C.1: A) Sentinel-2 optical image of Sinabung from 30/06/2021 B) Sentinel-2
NDVTI image of Sinabung on 15/07/2023 after the eruption activity. C) K-means cluster
analysis of NDVI imagery over Sinabung from 07/06/2013 - 20/07/2017, also showing
the location of the time series in panels E-G. D) Time series of the median pixel of
each cluster identified in panel C over the whole NDVI time series with eruption onsets
marked by dashed line (orange = VEI4, yellow = VEI3). E) NDVI time series for an
area identified as impacted by tephra. F) NDVI time series for an area identified as
impacted by PDCs. G) NDVI time series for an area identified as impacted by a lava
flow. Areas of impact identified from a combination of optical imagery, cluster analysis
and deposit maps from Pallister et al. 2019,

C.1.2 Taal

A caldera volcano in the Philippines at 14’N and an elevation of 311 m, Taal sits within
a tropical and subtropical moist broadleaf forest in a tropical savannah climate. A VEI
4 eruption began on the 12th of January 2020 and continued until the 22nd of January,
with lava fountaining, tephra deposition, and a plume that reached 15 km high, primarily
to the North West, and affecting most of the island (supplementary figure . Tephra
from the eruption covered an area of 8605 km? causing damage to crops, transport and
houses (Balangue-Tarriela et al. . Prior to this eruption was a period of activity

consisting of 7 eruptions from 1965 until 1977 and then a period of quiescence until the
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2020 eruption. Post-2020 Taal also had eruptions in 2021, 2022 and 2024 but only at
VEI 1 and 2 (Global Volcanism Program 2025)).
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Figure C.2: A) Sentinel-2 image of Taal on 22/02/2020 B) Sentinel-2 NDVI image of
Taal on 21/04/2024. C) K-means cluster analysis of NDVI imagery over Taal island from
03/01/2020 - 24,/01,/2020, also showing the location of the time series in panels E and F.
D) Time series of the median pixel of each cluster identified in panel C over the whole
NDVI time series with eruption onsets marked by dashed line (orange = VEI4, grey =
<VEI3). E) NDVI time series for an area identified as impacted by tephra. F) NDVI
time series for an area identified as impacted by PDCs. Areas of impact identified from a
combination of optical imagery, cluster analysis and deposit maps from Balangue-Tarriela

et al. 2022 and Lagmay et al.

C.1.3 Kuchinoerabujima

A group of stratovolcanoes in the northern Ryukyu Islands makes the island of Kuchi-
noerabujima, at 30’N on the southern tip of Japan with an elevation of 657 m. It sits
in a region of humid subtropical climate with temperate broadleaf and mixed forest. An
eruption began on the 29th of May 2015 and continued until the 19th of June, consist-
ing of tephra, pyroclastic flows and sulphur dioxide emissions with a VEI of 3. Flow

deposits primarily travelled to the west with PDCs damaging the forest (supplementary
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figure [C.3]), whilst the plume drifted East (Geshi et al. 2018; Global Volcanism Program
2025)). Prior to this eruption was an eruption in 2014 with VEI 1 and it was succeeded

by eruptions in 2018 and 2020.
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Figure C.3: A) Sentinel-2 image of Kuchinoerabujima on 16/03/2024 B) Landsat 8
NDVTI image of Kuchinoerabujima on 24/07/2015. C) K-means cluster analysis of NDVI
imagery over Kuchinoerabujima island from 24/07/2015 - 23/12/2019, also showing the
location of the time series in panels E and F. D) Time series of the median pixel of
each cluster identified in panel C over the whole NDVI time series with eruption onsets
marked by dashed line (yellow = VEI3, grey = <VEI3). E) NDVI time series for an
area identified as impacted by tephra. F) NDVI time series for an area identified as
impacted by PDCs. Areas of impact identified from a combination of optical imagery,
cluster analysis and deposit maps from Geshi et al.

C.1.4 Ulawun

Ulawun is a stratovolcano in the Bismarck arc of Papua New Guinea, at 5.05’S and
2,334 m elevation. It has 22 eruptive periods within the 21st century including a VEI
4 eruption in 2019 and VEI 3 eruption in 2023. Situated in tropical and subtropical
moist broadleaf forests with a tropical rainforest climate. Here, we focus on the larger
VEI 4 eruption which resulted in PDCs, lava flows and tephra deposition. Flow deposits
primarily went on the N and NW flanks, but a new fissure also opened on the WSW flank
towards the end of the eruption period (supplementary figure (Global Volcanism

Program [2025). The plume reached 20 km high and frequently changed direction, but
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mapping from Orynbaikyzy et al. [2023| showed deposits primarily to the west.
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Figure C.4: A) Sentinel-2 image of Ulawun on 14/06/2021. B) Landsat 8 NDVI image
of Ulawun on 18/09/2023. C) K-means cluster analysis of NDVI imagery over Ulawun
from 18/04/2020 - 18/09/2023, also showing the location of the time series in panels
E-G. D) Time series of the median pixel ofeach cluster identified in panel C over the
whole NDVI time series with eruption onsets marked by dashed line (orange = VEI4,
yellow = VEI3, grey = <VEI3). E) NDVI time series for an area identified as impacted
by tephra. F) NDVI time series for an area identified as impacted by PDCs. G) NDVI
time series for an area identified as impacted by a Lava flow. Areas of impact identified
from a combination of optical imagery, cluster analysis and imagery from Orynbaikyzy

et al. [2023.

C.1.5 Soputan

In a tropical and subtropical moist broadleaf forest within a region of tropical rainforest
climate in Indonesia, Soputan is a stratovolcano at 1.1’'N and 1785 m elevation. With
relatively frequent and continuous activity Soputan has had 13 eruptive periods in the
21st century alone. We will be focusing on the period of activity from 2015-2018 which
consisted of 3 eruptions all with VEI 3 and included tephra deposition, debris avalanches,
lava flows and pyroclastic flows. Deposits often go down the W and SW flanks, but can

also go to the N and E, likely affecting the dense surrounding forest (supplementary

figure [C.5)) (Global Volcanism Program [2025)).
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Figure C.5: A) Sentinel-2 optical image of Soputan on 24/10/2024. B) Landsat 8 NDVI
image of Soputan on 24/07/2021. C) K-means cluster analysis of NDVI imagery over
Soputan from 04/03/2016 - 02/09/2018, also showing the location of the time series in
panels E and F. D) Time series of the median pixel of each cluster identified in panel C
over the whole NDVT time series with eruption onsets marked by dashed line (yellow =
VEI3, grey = <VEI3). E) NDVI time series for an area identified as impacted by PDCs.
F) NDVI time series for an area identified as impacted by a Lava flow. Areas of impact
identified from a combination of optical imagery, cluster analysis and activity reports

(Global Volcanism Program 2025)).

C.1.6 Krakatau

Krakatau is a caldera volcano in Indonesia at a latitude of 6’S and elevation of 285 m, in
a tropical and subtropical moist broadleaf forest with a tropical rainforest climate, and
is made up of 4 islands, Sertung, Panjang, Rakata and Anak Krakatau (supplementary
figure . A VEI 3 eruption began in June 2018, consisting of explosions, tephra fall
affecting all islands and lava flows and PDCs affecting Anak Krakatau, culminating in
a caldera collapse in December 2018 and a subsequent fatal tsunami (Grilli, Tappin,
et al. Rosch et al. . The eruptive activity continued until April 2020, before a
period of inactivity until May 2021. In the 10 years prior to this there had been relatively
frequent eruptions in 2017, 2014, 2013, 2010, 2009, 2007, however all had a VEI of 2 or
less (Global Volcanism Program [2025).
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Figure C.6: A) Sentinel-2 image of Krakatau on 02/04/2020. B) Sentinel-2 NDVI image
of Krakatau on 03/04/2019 C) K-means cluster analysis of NDVI imagery over Krakatau
from 14,/08/2018-22/04/2020, also showing the location of the time series in panels E-G.
D) Time series of the median pixel of each cluster identified in panel C over the whole
NDVT time series with eruption onsets marked by dashed line (yellow = VEI3, grey =
<VEI3). E) NDVI time series for an area identified as impacted by tephra. F) NDVI
time series for an area identified as impacted by PDCs. G) NDVI time series for an area
identified as impacted by a Lava flow. Areas of impact identified from a combination of
optical imagery, cluster analysis and imagery and deposit maps from Rosch et al. [2022]

Grilli, Zhang, et al. [2021] and Fiantis et al. 2021

C.1.7 Merapi

Located in Indonesia at 7.54’S and 2910 m elevation, Merapi is a stratovolcano sur-
rounded by tropical and subtropical moist broadleaf forests with a tropical monsoon
climate. Three VEI 3 eruptions occurred in 2013, 2014 and 2018-2020, prior to this Mer-
api had eruptions in 2013, 2011 and 2010. These eruptions resulted in tephra deposits
and pyroclastic flows, the tephra deposits were minimal (max thickness 5.5 ¢cm) and so

harder to identify in comparison to the flow deposits primarily down the SE and SW

flanks (supplementary figure [C.7)) (Solikhin et al. [2015).
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Figure C.7: A) Sentinel-2 image of Merapi on 21/08/2020. B) Sentinel-2 NDVI image
of Merapi on 07/05/2024. C) K-means cluster analysis of NDVI imagery over Merapi
from 14/10/2013 - 27/06/2020, also showing the location of the time series in panel E.
D) Time series of the median pixel of each cluster identified in panel C over the whole
NDVI time series with eruption onsets marked by dashed line (orange = VEI4, yellow =
VEI3, grey = <VEI3). E) NDVI time series for an area identified as impacted by PDCs.
Areas of impact identified from a combination of optical imagery, cluster analysis and
imagery and deposit maps from Solikhin et al.

C.1.8 Agung

Agung is a stratovolcano in Indonesia at a latitude of 8.3’S and 2997 m elevation in an
area of tropical and subtropical moist broadleaf forests with a tropical rainforest climate
(supplementary figure . A VEI 3 eruption began on the 21st of November 2017 and
continued until June 2019, exhibiting ash, lava flows and lahars (Syahbana et al. .
The plume reached a height of 6 km and predominantly travelled W (Global Volcanism
Program . Prior to this was an eruption in 1963 which had a VEI of 5.
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Figure C.8: A) Sentinel-2 optical image of Agung on 25/08/2020. B) Sentinel-2 NDVI
image of Agung on 23/12/2023. C) K-means cluster analysis of NDVI imagery over
Agung from 29/10/2017 - 17/06/2019, also showing the location of the time series in
panels E and F. D) Time series of the median pixel of each cluster identified in panel
C over the whole NDVT time series with eruption onsets marked by dashed line (yellow
= VEI3). E) NDVI time series for an area identified as impacted by tephra. F) NDVI
time series for an area identified as impacted by PDCs. Areas of impact identified from
a combination of optical imagery, cluster analysis and imagery and maps from Rosch

et al. [2022] and Syahbana et al. 2019

C.1.9 Calbuco

Calbuco is located in the Southern Chilean Andes at a latitude of 41.3’ South with
an elevation of 1974 m. The volcano lies in an area of temperate oceanic climate in a
temperate broadleaf and mixed forest. We focus on the 2015 eruption of Calbuco, which
began on the 22nd of April and involved two main explosive pulses, on the 22nd and
23rd of April, the eruption ended on the 26th of May. The eruption produced tephra
deposits up to 70 cm (predominantly to the NE), pyroclastic flows up to 8 km away
and lahars extending down river channels reaching the coast (supplementary figure
(Udy et al. . The previous eruption to this was in 1972 which had a VEI 2 and
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experienced tephra deposits, meaning the surrounding forest had not experienced recent

disturbance.
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Figure C.9: A) Sentinel-2 optical image of Calbuco on 28/01/2023. B) Landsat-8 NDVI
image of Calbuco on 27/10/2015. C) NDVI time series for an area identified as impacted
by tephra. D) NDVI time series for an area identified as impacted by PDCs. Areas of
impact identified from Udy et al.

C.1.10 Turrialba

Turrialba is a stratovolcano in Costa Rica located at 10.025'N with an elevation of
3,340 m. it has had 10 confirmed eruptive periods in the 21st century including a VEI
3 eruption on the 8th of March 2015 which lasted until December 2019 and resulted in
tephra deposition and pyroclastic flows (Global Volcanism Program . Turrialba has
a tropical rainforest climate with Tropical and subtropical moist broadleaf forests. It is a

large, persistent emitter of SOq, significantly affecting the downwind (West) vegetation

(supplementary figure [C.10) (Tortini et al. 2017)).
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Figure C.10: A) Sentinel-2 optical image of Turrialba on 24/02/2021 B) Sentinel-2 NDVI
image of Turrialba on 30/03/2024. C) K-means cluster analysis of NDVI imagery over
Turrialba from 11/01/2020 - 31/12/2022, also showing the location of the time series in
panel E. D) Time series of the median pixel of each cluster identified in panel A over the
whole NDVI time series with eruption onsets marked by dashed line (yellow = VEI3,
grey = <VEI3). E) NDVI time series for an area identified as impacted by PDCs. Areas
of impact identified from a combination of optical imagery, cluster analysis and activity
reports (Global Volcanism Program .

C.1.11 Rabaul

Rabaul is a caldera volcano on the Bismarck volcanic arc in Papua New Guinea situated
at 4.2’S with an elevation of 688 m. It has had 7 eruptive periods in the 21st century
including VEI 4 eruptions in 2014 and 2006, with a previous VEI 4 eruption in 1994.
Rabaul has a tropical rainforest climate with tropical and subtropical moist broadleaf
forest. We focus on the 2006 eruption that resulted in tephra deposition, pyroclastic
flows and lava flows (supplementary figure . The plume reached 18 km high and
and travelled SW then NW, with flow deposits concentrated near the vent and down the
N and W flanks (Bernard et al. Global Volcanism Program [2025).
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Figure C.11: A) Sentinel-2 optical image of Rabaul on 18/08/2021. B) Sentinel-2 NDVI
image of Rabaul on 30/05/2023. C) K-means cluster analysis of NDVI imagery over
Rabaul from 11/03/2006 - 14/09/2010, also showing the location of the time series in
panels E-G. D) Time series of the median pixel of each cluster identified in panel C
over the whole NDVI time series with eruption onsets marked by dashed line (orange
= VEI4, grey = <VEI3). E) NDVI time series for an area identified as impacted by
tephra. F) NDVI time series for an area identified as impacted by PDCs. G) NDVI time
series for an area identified as impacted by lava flows. Areas of impact identified from a
combination of optical imagery, cluster analysis and activity reports (Global Volcanism

Program .

C.1.12 Sangeang Api

A composite volcano in Indonesia at 8.2’S with an elevation of 1912 m. It has had 3
confirmed eruptive periods in the 21st century, of note is the VEI 4 eruption that occurred
in May 2014 until November 2015, which resulted in tephra deposits, PDC deposits and
lava flows primarily on the S and E flanks. Following this, it had 2 VEI 2 eruptions
from 2017-2020 and 2022-2022 (supplementary figure (Global Volcanism Program

2025)). It has a tropical monsoon climate with tropical and subtropical dry broadleaf
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forests.
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Figure C.12: A) Sentinel-2 optical image of Sangeang Api on 26/09/2022. B) Landsat
8 NDVI image of Sangeang Api on 10/09/2016. C) K-means cluster analysis of NDVI
imagery over Sangeang Api from 16/05/2014 - 29/12/2015, also showing the location
of the time series in panels F-G. D) Time series of the median pixel of each cluster
identified in panel C over the whole NDVI time series with eruption onsets marked by
dashed line (orange = VEI4, grey = <VEI3). E) NDVI time series for an area identified
as impacted by tephra. F) NDVI time series for an area identified as impacted by PDCs.
G) NDVI time series for an area identified as impacted by lava flows. Areas of impact

identified from a combination of optical imagery, cluster analysis and activity reports
(Global Volcanism Program 2025)).

C.1.13 Semeru

Semeru is a stratovolcano in Indonesia, located on the island of Java with a latitude of
8.1’S and elevation of 3657 m in a tropical and subtropical moist broadleaf forests in a
tropical rainforest climate (supplementary figure . From April 2014, Semeru has
had near continuous eruptive activity. Beginning April 1st 2014 until 9th January 2017
was an eruptive period with VEI 2, then starting 6th June 2017 until present there has

been a period of explosive activity with VEI 4. This eruption resulted in tephra deposits
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and Pyroclastic flows primarily down the S and SE flank (Global Volcanism Program

2020).
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Figure C.13: A) Sentinel-2 optical image of Semeru on 27/10/2023. B) Sentinel-2 NDVI
image of Semeru on 27/10/2023. C) K-means cluster analysis of NDVI imagery over
Semeru from 20/04/2021 - 04/05/2024, also showing the location of the time series in
panel E. D) Time series of the median pixel of each cluster identified in panel C over the
whole NDVI time series with eruption onsets marked by dashed line (orange = VEI4,
grey = <VEI3). E) NDVI time series for an area identified as impacted by PDCs. Areas
of impact identified from a combination of optical imagery, cluster analysis and activity
reports (Global Volcanism Program .

C.1.14 Kelud

In Indonesia at a latitude of 7.9’S and 1730 m elevation, Kelud is a stratovolcano with
surrounding tropical and subtropical moist broadleaf forest with a tropical monsoon
climate (supplementary figure . An eruption with VEI 4 began on the 13th of
February 2014 and only lasted 2 days, producing a large plume reaching 26 km high and
primarily to the west resulting in extensive tephra deposition along with pyroclastic flows
and a blast damaging and blowing down surrounding vegetation (Maeno et al. .

Prior to this was a 2007 eruption with VEI 2 and a VEI 4 eruption in February 1990.
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Figure C.14: A) Sentinel-2 optical image of Kelud on 12/06/2020. B) Landsat 8 NDVI
image of Kelud on 20/03/2024. C) K-means cluster analysis of NDVI imagery over Kelud
from 29/10/2017 - 17/06/2019, also showing the location of the time series in panels E-F.
D) Time series of the median pixel of each cluster identified in panel C over the whole
NDVT time series with eruption onsets marked by dashed line (orange = VEI4, grey =
<VEI3). E) NDVI time series for an area identified as impacted by tephra. F) NDVI
time series for an area identified as impacted by PDCs. G) NDVI time series for an
area identified as impacted by a blast. H) The full time series for the PDC impacted
area of panel F, including the pre-eruption time period. Areas of impact identified from
a combination of optical imagery, cluster analysis and deposit maps and imagery from

Maeno et al. .

C.1.15 Chaitén

The 2008 eruption of Chaitén had a VEI of 4 and consisted of tephra deposits, pyroclastic
flows and lahars and a blast resulting in blown down trees (Major and Lara 2013). The
eruption began on the 2nd of May and continued until the 31st of May 2011. Chaitén

is situated in Chile at 42.8’S with an elevation of 1122 m in a temperate and broadleaf
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mixed forest with a temperate oceanic climate, next to the large glaciated Michinmahuida
Volcano (supplementary figure . Prior to this eruption there had been no eruptive
activity since 1640, resulting in a likely almost pristine forest prior to the damage inflicted
by the eruption. This eruption has been studied for its impacts on forests with tephra fall
damaging trees through abrasion and canopy loading, resulting in bowing and breakage
of trees over 480 km? (Swanson, Jones, et al. . With previous studies producing
maps of different levels of tree damage due to the eruption (Major and Lara .
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Figure C.15: A) Sentinel-2 optical image of Chaitén on 19/02/2024. B) Sentinel-2 NDVI
image of Chaitén on 26/03/2023. C) K-means cluster analysis of NDVI imagery over
Chaitén from 11,/12/2008 - 05/01/2012, also showing the location of the time series in
panels E-G. D) Time series of the median pixel of each cluster identified in panel C
over the whole NDVI time series with eruption onsets marked by dashed line (orange
= VEI4). E) NDVI time series for an area identified as impacted by tephra. F) NDVI
time series for an area identified as impacted by PDCs. G) NDVI time series for an
area identified as impacted by a blast. Areas of impact identified from a combination of
optical imagery, cluster analysis and deposit maps and imagery from Lara Major

and Lara and Watt et al. 2009
C.1.16 Puyehue-Cordén Caulle

Puyehue-Cordén Caulle is a volcanic complex in Chile at 40.6’S with an elevation of
2236 m. Puyehue-Cordon Caulle is situated in Temperate broadleaf and mixed forests

with a temperate oceanic climate. The only period of activity in the 21st century was

196



Chapter C. Supplementary information: Chapter 4

a VEI 5 eruption in June 2011 until April 2012. Which resulted in a large plume up
to 12 km high and up to 178 km away, primarily moving to the East. There were also
PDCs and lava flows, mostly concentrated near the summit (supplementary ﬁgure
(Pistolesi et al. Global Volcanism Program
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Figure C.16: A) Sentinel-2 optical image of Puyehue-Cordén Caulle. B) Landsat 8 NDVI
image of Puyehue-Cordén Caulle on 26/01/2017. C) K-means cluster analysis of NDVI
imagery over Puyehue-Cordén Caulle from 19/02/2011 - 24/12/2013, also showing the
location of the time series in panels E and F. D) Time series of the median pixel of
each cluster identified in panel C over the whole NDVI time series with eruption onsets
marked by dashed line (red = VEI5). E) NDVI time series for an area identified as
impacted by tephra. F) NDVI time series for an area identified as impacted by PDCs.
Areas of impact identified from a combination of optical imagery, cluster analysis and

deposit maps from Pistolesi et al. 2015

C.1.17 El Chichoén

El Chichén is a composite volcano in Mexico at 17.4’N with an elevation of 1150 m. It
is situated in tropical and subtropical moist broadleaf forests with a tropical savanna
climate. The only known eruption since the start of the 20th Century was a VEI 5
eruption from March 1982-September 1982. The eruption resulted in large tephra de-
posits, covering 45,000 km? within the 1 mm isopach (Varekamp et al. , along with

PDCs around the volcano and into nearby river drainages (supplementary figure [C.17))
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(Sigurdsson et al. [1984; Macias et al. 1997)).

El Chichoén
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Figure C.17: A) Sentinel-2 optical image of El Chichén. B) Landsat 5 NDVI image of El
Chichén on 11/03/1986. C) K-means cluster analysis of NDVI imagery over El Chichén
from 11/03/1986 - 19/03/1992, also showing the location of the time series in panel E.
D) Time series of the median pixel of each cluster identified in panel C over the whole
NDVTI time series. D) NDVI time series for an area identified as impacted by PDCs.
Areas of impact identified from a combination of optical imagery, cluster analysis and
deposit maps from Sigurdsson et al. and Macias et al. .

C.1.18 Mount St Helens

A stratovolcano location in Washington, United states at 46.2’N with an elevation of
2549 m in temperate coniferous forests in a warm summer Mediterranean climate (sup-
plementary figure . It has had 4 confirmed eruptive periods since the start of the
20th century, including the VEI 5 eruption that began in March 1980. This eruption
involved explosions, tephra fall, PDCs a blast and large landslide (Foster et al. ;
Druitt . It has been extensively studied, particularly in terms of the influence it
had on the surrounding forest and how quickly it recovered following the eruption. The
variety of deposit types and their interaction at different distances resulted in a range of

damage severity, from completely destroying vegetation, to minor damage (Foster et al.

1998; Major and Lara [2013)).
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Figure C.18: A) Sentinel-2 optical image of Mount St Helens on 05/07/2024. B) Landsat
5 NDVI image of Mount St Helens on 29/08/1987. C) K-means cluster analysis of NDVI
imagery over Mount St Helens from 26/06/1987 - 24/10/1990, also showing the location
of the time series in panels E-G. D) Time series of the median pixel of each cluster
identified in panel C over the whole NDVI time series. E) NDVI time series for an area
identified as impacted by PDCs. F) NDVI time series for an area identified as impacted
by a blast. G) NDVI time series for an area impacted by multiple flow deposits, impacting
the recovery trajectory. Areas of impact identified from a combination of optical imagery,
cluster analysis and deposit maps from Druitt

C.1.19 Table of time series locations
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Table C.1: A table summarising the locations and distances of the time series used in figure E

Volcano

Tephra locations

PDC locations

Blast locations

Lava locations

Sinabung
Taal
Kuchineoerabujima
Ulawun
Soputan
Krakatau
Merapi
Agung
Calbuco
Turrialba
Rabaul
Sangeang Api
Semeru

Kelud
Chaitén

Puyehue-Cordon
Caulle

El Chichon
Mount St Helens

3.12N, 98.39F
14.03N, 121.01E
30.46N, 130.22E
5.05S, 151.20E

6.108, 105.46E

8.36S, 115.48E
41.32S, 72.5TW

4.248, 152.22E
8.21S, 119.11E

7.948, 112.32E
42.94S, 72.63W
40.46S, 72.05W

3.15N, 98.42E
13.99N, 121.01E
30.44N, 130.21E
5.038, 151.31E
1.12N, 124.72E
6.10S, 105.43E
7.598, 110.45E
8.36S, 115.50E
41.318, 72.57TW
10.02N, 83.78W
4.248, 152.21E
8.21S, 119.08E
8.16S, 113.03E
7.948, 112.28E
42.848, 72.57TW
40.518, 72.03W

17.33N, 93.22W
46.25N, 122.12W

7.918, 112.33E
42.82S, 72.64W

46.34N, 122.07W

3.16N, 98.40E

5.06S, 151.30E
1.13N, 124.73E
6.11S, 105.43E

4.24S, 152.20E
8.218, 119.09E
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