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The characteristics and extent of forest damage, and the subsequent patterns of recovery, 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 vegetation 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

Calb
N?)Vlllco deposit types recover post-eruption. The Calbuco eruption resulted in tephra deposition over hundreds of square
Vegetation 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 distur-
bance and recovery. We find that forest damage and recovery correspond primarily with deposit type, thickness
and dispersal directions. The thickest 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 km?>. 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 measuring
vegetation disturbance, particularly in remote and densely vegetated environments, can help refine field-based
analyses in inaccessible or intensely damaged zones.

1. Introduction

Explosive volcanic eruptions can cause widespread impacts on their
surrounding environment, ranging from total destruction and burial of
vegetated landscapes through to minor and temporary damage (Dale
et al., 2005b; Grilli et al., 2019; Major and Lara, 2013). The extent and
style of damage reflects the intensity and mechanism of the driving
volcanic process. Timescales and patterns of regrowth potentially reflect
both the nature of initial impacts and local floral, climatic, and envi-
ronmental 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
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deposit volumes, particularly in remote volcanic environments.

Freely available, global-coverage satellite data, provides an oppor-
tunity to systematically 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 et al.,
2008; del Moral and Wood, 1993). If recovery timescales can be better
understood, such methods hold the prospect of evaluating the impacts
and magnitude of unobserved 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
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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.

1.1. Impact of volcanic eruptions on forests

The nature and timescale of volcanic impacts on vegetation are
dependent on the volcanic 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 topo-
graphically 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 (Charbonnier 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 abrasion damage and defoliation for thinner
and finer ash deposition (Wilson et al., 2011, 2013, 2015; 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).

Eruption rate, transport mechanism, deposit thickness and volume,
and grain coarseness may all also affect the degree of damage or
destruction of vegetation (Dale et al., 2008; Ayris and Delmelle, 2012;
Swanson et al., 2013; Zobel and Antos, 1997). The temperature of de-
posit 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 et al., 2013; Lowenstern et al., 2012; Dale
et al., 2008). Volcanic deposits can influence vegetation patterns by
affecting soil structure and composition (Ayris and Delmelle, 2012; Dale
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 (del Moral and Wood, 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 pat-
terns decaying away from the eruption site. In contrast, lava flows, la-
hars 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 re-
covery of vegetation (Foster et al., 1998). Linear disturbances from la-
hars, lava flows and PDCs, may be adjacent to healthy, relatively
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undisturbed and mature vegetation, with a sharp boundary. This in-
fluences recovery and succession at the margins of damaged areas, with
nearby seed sources promoting regrowth within narrow damage zones
(Foster et al., 1998). Conversely, 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 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 et al., 2005a). Post-disturbance vegetation recovery 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; de Jong et al., 2012; Buitenwerf et al., 2018; Bonesmo and
Skjelvg, 1999; Bastos et al., 2011).

1.2. Estimation of forest properties from satellite data

Satellite data provides global information about the state of vege-
tation (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 be-
tween the optical reflectance spectrum (between 400 and 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 indi-
cation of plant health (Jacquemoud and Baret, 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
etal., 2012). Radar can also return information about vegetation heights
due to its longer wavelength, allowing it to penetrate 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 penetrate 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).

1.3. Volcanic eruption impacts on forests

The impact of explosive eruptions on vegetation has been investi-
gated in detail at a handful of historical eruption sites (e.g. Mt. St Helens,
USA, 1980; Unzen, Japan, 1990-1995; Chaitén, Chile, 2008; Cordén
Caulle, Chile, 2011)(del Moral and Wood, 1993; Dale et al., 2005b;
Martin et al., 2009; Lai et al., 2022; Swanson et al., 2013; Biass et al.,
2022; Easdale and Bruzzone, 2018; Smathers and Mueller-Dombois,
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 and Bruzzone, 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 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,
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Colima and Tacana) that ashfall inhibits growth of trees during eruption
periods (Biondi et al., 2003; Carlén Allende et al., 2020; Carlon Allende
etal., 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).

Satellite studies rely primarily on metrics derived from optical im-
agery (Li et al., 2018; De Schutter et al., 2015; Easdale and Bruzzone,
2018; Lai et al., 2022; Teltscher and Fassnacht, 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 and Kumar, 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).

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 (Fig. 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 et al., 2016). Historical
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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 ob-
servations of the 2015 eruption, with some mention of specific damage
to vegetation (Castruccio et al., 2016; Romero et al., 2016; Van Eaton
et al., 2016).

The 2015 eruption of Calbuco began on the evening of the 22nd of
April and involved two main explosive pulses. The initial pulse began
soon after the start of the eruption and lasted ~90 min, generating a 15
km high plume dispersed on an azimuth of 48°. A second, more intensive
pulse followed on 23rd April, lasting six hours and generating a >15 km
high plume, dispersed on an azimuth of 55° (Romero et al., 2016).
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., 2016), broadly
consistent with the dispersal axes constructed from tephra deposits in
Castruccio et al. (2016). Continued venting, with columns <2 km high,
occurred over several days, with a further pulse and 4 km high column
on 30th April (Romero et al., 2016). The eruption caused tephra fall to
the NE of the volcano, as shown by the isopachs in Fig. 1 from Romero
et al. (2016). Romero et al. (2016) identify four units in the tephra fall
deposits, interpreting the two larger-volume central layers as corre-
sponding 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
depositional patterns are limited due to inaccessibility on the flanks of
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Fig. 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. (2019); Mella et al. (2015); Castruccio et al. (2016); Romero 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.
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Calbuco. The total tephra fall deposit volume was estimated at 0.27 km?>
(Romero et al., 2016) (a separate estimate of 0.34 km? is given by
Castruccio 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 et al., 2016). Pyroclastic
flows, channelised within radial valleys, occurred on the N, NE, W and S
flanks of the volcano, as seen in Fig. 1 (based on previous channel de-
posit 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 et al., 2016; Romero et al., 2023).
Concentrated PDCs were generally channelised 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
et al., 2023). Syn-eruptive lahars extended down river channels beyond
the limits of PDC deposits, extending to coastal or lake outflows to the N,
S and E (Global Volcanism Programme, 2015; Castruccio et al., 2016).
Following the final explosive eruption episode on the 30th of April, low
level activity continued throughout May until the eruption was deemed
to be over on the 26th of May (Global Volcanism Programme, 2015).
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2. Methods
2.1. Data

2.1.1. 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.

2.1.2. 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 23rd of December 2021).
Sentinel-1 uses a C band (6 cm) synthetic aperture radar (SAR), with a
revisit time of 6 days (when 1a 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,
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Fig. 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) highlighting 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 demonstrating total change in NDVI (26,/02/2014-17/02/2023).
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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.

2.1.3. Study areas

Throughout this article, we use five sites around Calbuco (Fig. 2) 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 et al., 2016). A detailed description of these study
areas is provided in section Al in the appendix.

2.2. Optical remote sensing

We used the optical imagery to calculate Normalised Difference
Vegetation Index (NDVI), a widely used index that utilises the rela-
tionship 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 charac-
terising post-fire recovery (Veraverbeke et al., 2012; Chen et al., 2011;
De Schutter et al., 2015). We expect it will perform better at differen-
tiating volcanic 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 et al., 2006; Matsushita
et al., 2007; Lai et al., 2022).

NDVI values range from —1 to 1; dense, healthy vegetation is indi-
cated by strong positive 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 capture the footprint of volcanic deposits (De Schutter et al.,
2015; Gouveia et al., 2010; Marzen et al., 2011; Gouveia et al., 2009;
Michener and Houhoulis, 1997; Lu et al., 2012; Chou et al., 2009; Eas-
dale and Bruzzone, 2018).

2.3. Satellite radar backscatter and coherence

SAR sensors emit an electromagnetic pulse and measure the returned
signal that is directed back from the ground (backscatter). We estimated
backscatter from the Sentinel-1 dataset using the GAMMA remote
sensing software (Werner et al., 2018) following the processing steps
outlined by Werner et al. (2000), summarised by fig. A.1. We limited our
analysis 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
(MLID) (Lee et al., 1994). We performed terrain corrections and radio-
metric calibrations using 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 fluctua-
tions 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
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difference maps to view the changes associated with the eruption im-
pacts and post-eruption regrowth. We constructed interferograms for the
sequential 24-day pairs within our dataset and estimated phase coher-
ence 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. Interferometric phase coherence is commonly charac-
terised by estimating the complex correlation coefficient between two
SAR images and ranges from 0 (completely incoherent) to 1 (completely
coherent) (Just and Bamler, 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 and Kumar,
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 surface and higher values of coherence.
We produced time series of coherence, and use the convention of plot-
ting coherence for each interval as the first date in the pair.

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 clus-
tering 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 experi-
mentation and iterative refinement. For each dataset the k-means al-
gorithm was run 10 times with different centroid seeds.

3. Results
3.1. NDVI

We show the changes in NDVI with time in Fig. 2, for five selected
study sites representing different initial impacts. Areas impacted by
tephra fall deposition (Fig. 2 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 con-
tinues 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 NDVI values than 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 NDVI until 2019, after which it increases
linearly. By 2023, the NDVI in channels affected by PDCs is still well
below pre-eruption values.

NDVI 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 NDVI 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 et al., 2016). This gradation in NDVI (plotted in
increments of 0.15) corresponds well to previous tephra-fall deposit
isopach maps (Romero 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
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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 topog-
raphy, 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.

Fig. 3 illustrates the relationship between tephra-fall deposition and
NDVIL, 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
et al., 2023). With increasing distance, the co-eruptive decrease in NDVI
gets smaller until around 16 km, beyond which there is no clearly
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 et al., 2016). Within this 16 km transect, the post-
eruption recovery of NDVI 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
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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 re-
covery time of 5 years. Within distances of 10 km, there is a strong
seasonal signal evident in the NDVI 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 to 2020). We specu-
late 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.

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 wherever vegetation was damaged (Fig. 4),
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
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Fig. 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/
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eruption onset is greater than before the eruption. The variance de-
creases with recovery, but does not reach pre-eruption values (Appendix
fig. A.2). Panel E in Fig. 4 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.

3.3. Coherence

Changes in phase coherence for a 24-day temporal baseline are
shown in Fig. 5, plotted at the time of the first image in the pair, for the
same study areas assessed using NDVI and backscatter (Panel B). The
pre-eruption correlation values are very low (<0.3) over the undis-
turbed 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 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.

We generate coherence difference maps (Fig. 5 panels E-G) to high-
light changes in coherence throughout the eruption and recovery pro-
cess, 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 (Fig. 5 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 (Fig. 5 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 NDVI 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 in-
creases in coherence limited to a concentric zone around the volcano
summit, within channels, and within a small proximal zone towards the
NE (Fig. 5 panel G) where damage to the forest was most severe.
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3.4. Classification of impact zones

We perform k-means cluster analysis for all pixels in our NDVI and
24-day phase coherence datasets, grouping pixels with similar time se-
ries to produce clusters. We found that our backscatter time series were
too noisy to identify meaningful clusters (Appendix fig. 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 radi-
ating sectoral damage pattern similar to known tephra fall deposit pat-
terns in Fig. 6 (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
sectoral pattern (Fig. 6 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 (Fig. 6 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 Cal-
buco, 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 (labeled ‘tephra zone c/topography’) does not
correspond to any spatial pattern of deposits but aligns with areas of
higher elevation (see Fig. 1 panel E). Local environmental factors related
to altitude, topography or variations in vegetation type, could explain
this cluster in the coherence data.

4. Discussion
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 (Fig. 2 F, appendix fig. A.4). While the decrease in
NDVI 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 back-
scatter increase, perhaps related to slope changes close to the vent, re-
mains 8 years post-eruption. Some backscatter increase in channels is
also evident due to vegetation loss or structural changes (Fig. 4 E, F, G,
appendix fig. A.4). 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
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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).

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. 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
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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 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 (Fig. 7 panel E),
showing that initial stages of vegetation recovery develop from channel
margins, likely due to the proximity of healthy vegetation and poten-
tially 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 (Fig. 7). We use
NDVI as a way to map channel evolution during and following the
eruption. Where channels are marked by vegetation at their edges, sat-
ellite 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. Fig. 7 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 NDVI is initially low across the
whole transect (Fig. 7 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 in 1 and 3.

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 re-
covery to differentiate between processes (Fig. 6). Clusters of the time
series highlight structure in the proximal impact zone and in the PDC
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affected channels (Fig. 6) 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 boundaries 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 thickness. This interpretation is supported by the
very clear spatial correspondence between 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 trans-
port 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 (Fig. 6 panel E). The spatial pattern of the
cluster 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 Fig. 8, with a substantial discrepancy between two published
proximal isopach patterns, neither of which constrains the spatial form
evident in our NDVI cluster analysis. Using our NDVI clusters we re-
estimate the tephra deposition isopachs. We calibrate our NDVI
cluster-based boundaries against the nearest ground based measure-
ments from Romero et al. (2016), thus assigning an estimated numerical
value to each boundary and using this to define revised proximal iso-
pachs. 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 thinning 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
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Fig. 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 et al. (2016) B) Comparing our re-estimated

isopachs with isopachs from Hayes et al. (2019)).

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 fig.
A.6 (less than 15 cm thickness; from Romero 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 et al. (2016) of 0.27 km?.

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 valu-
able, because these regions are often forest covered, inaccessible, and
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may show the most complex depositional and damage patterns. A sig-
nificant proportion 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 vegeta-
tion recovery and how this may be affected by local conditions. Clus-
tering over different time windows, reveals different spatial
distributions of NDVI change (Fig. 6 panel 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 pre-eruption NDVI values more rapidly than regions
at a greater distance, with thinner tephra deposits (Fig. 9 Panel A). The
areas of slower recovery align with areas of elevated topography (>1000
m) (Fig. 9 and Fig. 1 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 and Boerner,
2003; Ireland and Petropoulos, 2015).
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Fig. 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 Fig. 3. 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.
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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 Fig. 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 NDVI value reaches within 1 % of the pre-eruption median. At
just over 10 km distance (equal to around 20 cm 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 NDVI levels. In addition to local factors, the char-
acteristics 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 et al., 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
(Fig. 7, 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 can-
opies 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 pat-
terns, given the impacts on canopy structure.

5. Conclusion

We investigate the use of NDVI, backscatter and coherence to iden-
tify forest disturbance 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 eruption plume dispersal and the intensity of the two main
eruption phases, indicating that NDVI 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 back-
scatter is significantly larger post-eruption, possibly consistent with a
now less homogeneous vegetation cover due to eruption damage.
Coherence is lost with the emplacement of material at the eruption
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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 NDVI 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 demon-
strated using k-means clustering of multiple acquisitions. Cluster anal-
ysis 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 thicknesses over 15 cm). These refined isopachs allow us to re-
estimate the eruptive volume at 0.28 km?. This method has strong po-
tential to reveal depositional complexities and eruptive impacts, and to
determine eruption volumes, in proximal regions with high levels of
damage following large explosive eruptions, and is complementary to
more distal field-based datasets. Vegetation recovery rates differ be-
tween impact type, based on the initial intensity of the damage. Vege-
tation recovery occurs mostly in the 3 years following 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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