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Volcanic ash fallout is a recurrent environmental disturbance in forests, arid and semi-arid rangelands of Patago-
nia, South America. The ash deposits over large areas are responsible for several impacts on ecological processes,
agricultural production and health of local communities. Public policy decision making needs monitoring infor-
mation of the affected areas by ash fallout, in order to better orient social, economic and productive aids. The
aim of this study was to analyze the spatial distribution of volcanic ash deposits from the eruption of Puyehue-
Cordón Caulle in 2011, by identifying a sudden change in the Normalized Difference Vegetation Index (NDVI)
temporal dynamics, defined as a perturbation located in the time series. We applied a sparse-wavelet transform
using the Basis Pursuit algorithm to NDVI time series obtained from the Moderate Resolution Image
Spectroradiometer (MODIS) sensor, to identify perturbations at a pixel level. The spatial distribution of the per-
turbation promoted by ash deposits in Patagoniawas successfully identified and characterized bymeans of a per-
turbation in NDVI temporal dynamics. Results are encouraging for the future development of a new platform, in
combination with data from forecasting models and tracking of ash cloud trajectories and dispersion, to inform
stakeholders tomitigate impact of volcanic ash on agricultural production and to orient public intervention strat-
egies after a volcanic eruption followed by ash fallout over a wide region.

© 2018 Published by Elsevier B.V.
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1. Introduction

Volcanic ash fallout is a frequent environmental disturbance in for-
ests, arid and semi-arid rangelands of Patagonia, Argentina (Inbar et
al., 1995; Martin et al., 2009; Wilson et al., 2012). The ash deposits
over large areas are responsible for several impacts on ecological pro-
cesses such as regulation of insect populations (e.g. Fernández-Arhex
et al., 2013; Masciocchi et al., 2013; Elizalde, 2014), macroinvertebrate
and fish communities and dynamics of plant communities (e.g. Martin
et al., 2009; Miserendino et al., 2012; Ghermandi and Gonzalez, 2012;
Ghermandi et al., 2015). As well, many agricultural activities are nega-
tively affected by the ash fallout such as in the cases of apiculture
(Martínez et al., 2013) and livestock production (Easdale et al., 2014).

Livestock production is the main agricultural activity in arid and
semi-arid Patagonian rangelands. The consequences of ash fallout on
logía Agropecuaria (INTA), EEA
Bariloche, RíoNegro, Argentina.
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livestock production are i) direct (e.g. ash deposits over the body,
sight problems, modifications of nutritional behavior and tooth wear,
and ii) indirect impacts through the reduction ofwater and forage avail-
ability (Inbar et al., 1995; Wilson et al., 2010; Robles et al., 2012). These
sudden changes in the environment reduces livestock productivity (i.e.
worse quality of wool and less meat due to reduced offspring) and gen-
erates decapitalization due to animal death (Easdale et al., 2014), with
economic and social implications. Public policy decision making needs
early information of the spatial distribution of the ash fallout, highlight-
ing the most affected zones, in order to better orient social, economic
and productive aids. Then, monitoring and information about spatio-
temporal durability of the perturbation and post-event recovering are
crucial to support emergency response, near-real time hazard mitiga-
tion and further policy decisions.

The most frequent approaches to analyze the spatial distribution of
ash deposits over large areas are: i) ground-based surveys combined
with Geographical Information Systems (GIS), ii) modelling, and iii) re-
mote sensing approaches. Ground-based surveys aimed at collecting in-
formation such as ash thickness and granulometry from several
georeferenced points which are randomly distributed over a large area
(e.g. Bosshard-Stadlin et al., 2014). Then, the information is analyzed
of volcanic ash deposits of 2011 Puyehue-Cordón Caulle eruption in
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with GIS such as interpolation methods to obtain a map with different
classes that represent zones with different levels of ash deposits (e.g.
Gaitán et al., 2011). This approach is costly in terms of time investment,
which is difficult to implement during the early period after the
eruption.

Another approach is based on modelling techniques aimed at fore-
casting and tracking the trajectories of ash clouds, dispersion and de-
posits (Webley and Mastin, 2009). For example, some proposals
combine volcanic ash transport and dispersion models (VATDs),
which are based on input parameters such as eruption cloud height
and vertical distribution, mass eruption rate, particle size distribution
and duration of the eruption (Mastin et al., 2009; Webley et al., 2009;
Peterson et al., 2015). Other proposals use numerical weather predic-
tions such as NAME model (e.g. Webster and Thomson, 2002; Witham
et al., 2007; Turner et al., 2014), in which large number of model parti-
cles are released into and tracked through the computational atmo-
sphere, using a random displacement model (Boughton et al., 1987).
Other models predict ash concentration at relevant flight levels, ex-
pected deposit thickness and ash accumulation rates (Webster et al.,
2012; Collini et al., 2013).

Remote sensing approaches refer to a variety of methods based on
data collected by remote sensors situated on the ground, on an aircraft
or a satellite such as optical sensor, radar or Lidar (Light Detection and
Ranging). For example, thermal infra-red satellite data was used for
ash cloud detection due to their sensitiveness to the cold temperatures
of eruption clouds (Dean et al., 2004), which can be analyzed with dif-
ferent techniques (Tupper et al., 2004). Plume height can be estimated
with satellite remote sensing data (Holasek et al., 1996) and weather
radar (Oddsson et al., 2012). The Synthetic Aperture Radar (SAR) and
MODIS were jointly used to assess some volcanological features of an
eruption such as the relationship between surface deformation and
the amount of ash and gases emitted by a volcano (Bignami et al.,
2014). Volcanic ash clouds can be also tracked with airborne Lidar and
in-situ measurements of aerosol and trace gases (Schumann et al.,
2011). Finally, other applications of remote sensing data take advantage
of the impact that ash deposits have on the reflectance of terrestrial sur-
faces (e.g. De Rose et al., 2011; Marzen et al., 2011; De Schutter et al.,
2015). Deposits of ashes over plant communities and bare soil increases
the portion of reflected radiation and reduces the photosynthetic activ-
ity of vegetation, which depends on the level of ashes covering plant
photosynthetic tissues. Hence, changes in the relative proportion of
reflected and absorbed radiation (i.e. red edge region) can be captured
by spectral indexes such as the Normalized Differential Vegetation
Index (NDVI; Tucker, 1979). Some studies compared images from dif-
ferent periods after the ash fallout in order to determine plant recovery
rates (De Rose et al., 2011;Marzen et al., 2011). Recently, another appli-
cation interpolated rainfall data in order to isolate NDVI values
departing from the normal seasonal cycles, and linear temporal trends
of monthly-NDVI in combination with multivariate analysis were used
to identify the area over which ash fallout significantly affected vegeta-
tion (De Schutter et al., 2015). Although these are evidences supporting
that ash deposits influence surface reflectance when comparing differ-
ent moments or affected areas (e.g. before and after a volcanic erup-
tion), less efforts were oriented to identify such impact by means of
significant modifications in the dynamics of spectral indexes from a
time series approach.

The aim of this study is to analyze the spatial distribution of volcanic
ash deposits of 2011 eruption of Puyehue-Cordón Caulle Volcanic Com-
plex in Patagonia as measured by the identification of sudden changes
in NDVI temporal dynamics. In particular, we used time series analysis
based on a sparse-wavelet transform to identify perturbations in NDVI
time series at a pixel level using MODIS data. This approach can provide
a new platform to inform stakeholders to mitigate impact of volcanic
ash on agricultural production on a country-scale, and decision makers
to orient intervention strategies after a volcanic eruption followed by
ash fallout over a wide region.
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2. Materials and methods

2.1. Study area and volcanic eruption event

The region of study was North Patagonia, including Argentina
and Chile. The geomorphology of this region is dominated by the
Andean range towards the West (across the international limit),
hills and basaltic plateaus in inner Argentinean Patagonia, and
great arid plains towards the East. Climate is Mediterranean with
mean annual precipitation that ranges between over 4000 mm
(W) to 150 mm (E), falling in autumn and winter. Mean annual
temperature ranges spatially from 8° (W) to 12° (E) (Paruelo et
al., 1998; Bran et al., 2000). Vegetation is dominated by forest of
Nothofagus spp. in the Andean mountains. Semiarid rangelands of
western and central zones of the study area (i.e. Subandean
steppes, Patagonian Western District and Patagonian Central Dis-
trict, León et al., 1998; Bran et al., 2000) are dominated by low
shrub-grass steppes of Mulinum spinosum, Senecio spp. and
Pappostipa speciosa, and low shrub steppes dominated by Nassauvia
spp. and Chuquiraga avellanedae. The eastern rangelands (i.e. Monte
Austral, León et al., 1998) are dominated by medium shrub-grass
steppes of Larrea spp., Prosopis denudans, Atriplex lampa, Lycium
spp. and Pappostipa humilis (Cabrera, 1971; León et al., 1998). The
agrarian structure is a matrix dominated by smallholders, with cap-
italized family-based farms and commercial farms. The dominant
husbandry across different farm types in arid and semiarid
rangelands is sheep mixed with goats in less capitalized farms,
and with cattle in more capitalized and commercial farms
(Easdale et al., 2009).

We studied the impact of the well documented eruption of the
Puyehue-Cordón Caulle Volcanic Complex (PCCVC; 40°35′ S,
72°07′ W), which occurred on 4th June 2011. During the initial
phase of the eruption (first 24 h), a 14-km-high plume dispersed
a large volume of rhyolitic tephra over a wide area eastward to-
wards Argentina. The resulting tephra deposits consisted of 13
main layers grouped into four units, whereas most of the tephra
was emitted during the first 72 h of the event. The lowest part of
the eruptive sequence, which recorded the highest intensity
phase, was composed of alternating lapilli layers with a total esti-
mated volume of ca. 0.75 km3 (Pistolesi et al., 2015). We selected
this eruption event because of the wide area affected by ash fallout
in the North-western portion of Patagonia, Argentina (Gaitán et al.,
2011). Since we were interested in the impact of ash depositions
and the consequently modifications of surface reflectance, we se-
lected this event because the main impact occurred across different
ecological and geomorphological zones.

2.2. Data source

The Normalized Difference Vegetation Index (NDVI) is frequently
used as a surrogate of ecosystem primary production, since it is an accu-
rate indicator of the level of photosynthetic activity of vegetation
(Tucker, 1979; Ruimy et al., 1994). We used the 2000 to mid-2017-
time series of 16-day temporal resolution and 250 m spatial resolution
of NDVI to study the perturbations in NDVI dynamics generated by the
ash deposits after the volcanic eruption.

The NDVI was derived from Moderate Resolution Image
Spectroradiometer (MODIS) sensor (productMOD13Q1). NDVIwas cal-
culated with the following equation:

NDVI ¼ NIR−Rð Þ= NIRþ Rð Þ ð1Þ

where R and NIR are the surface reflectances centered at 645 nm (visi-
ble) and 858 nm (near-infrared) portions of the electromagnetic spec-
trum, respectively.
of volcanic ash deposits of 2011 Puyehue-Cordón Caulle eruption in
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2.3. Data processing

Because NDVI is a continuous finite variable, we assumed that the
NDVI error followed a logit-normal distribution (i.e. a statistical distri-
bution whose logit transform follows a normal distribution). Therefore,
before fitting the NDVI time series, temporal data were logit-trans-
formed in order to use a normal likelihood function. Since NDVI is a
value between−1 and 1, but values lower than 0 do not have a biolog-
ical meaning (i.e. values below zero mean snow cover, clouds, water or
rocks), we treated it in a similar way as a proportion between 0 and 1.
Logit transformation also avoids the use of the more complex Beta dis-
tribution as a likelihood function. Instead we used a normal function,
which is also simpler in interpretation in terms of mean and variance.
A second benefit was to avoid dealing with meaningless values (i.e. es-
timated values larger than 1 or lower than zero).

After the transformation of NDVI data, we centered the series by re-
moving the mean. Values lower than zero, as well as data with quality
indicator different than zero or one, were treated as missing values. If
a pixel in the data stack consisting of xyNDVI layers contained a propor-
tion of N1/4 negative values, it was discarded from the analysis. After
this procedure, most of the discarded pixels corresponded to borders
ofwater bodies and top of themountains. Once themodel-fitting proce-
dure was finished we transformed the fitted values back to the original
NDVI scale by using an inverse logit transform, so the results are all
expressed in NDVI units.
2.4. Time series analysis

To assess the impact of the ash fall, we decomposed the NDVI time
series variability by using a wavelet analysis. We performed a sparse-
wavelet transform using the Basis Pursuit algorithm (Chen et al.,
2001), because it provides a more parsimonious representation of the
variability contained in the time series. In particular, this procedure
maximizes variability representation with the minimum number of
parameters.
Fig. 1. Example of a pixel with the pattern of NDVI perturbation. Parameters of the Gabor fun
Localization of the perturbation in time (Mean point of impact) and Date of eruption (4th
estimate of the function including the perturbation and cut line an hypothetical function witho
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Basis Pursuit is a sparse dictionary learning method, in which the
data is represented as a linear combination of basic elements called
atoms, here named a Gabor function (Gabor, 1946). These functions
are cosine functions multiplied by a Gaussian window. As a result, the
signal is depicted by a sum of functions whose properties are localized
in a time dimension (center of the Gaussian window), width (the stan-
dard deviation of the underlying Gaussian function, in years), frequency
of the cosine function (1 year−1), and amplitude in NDVI units.

The atomswerefitted to the time serieswith a stepwise procedure by
using the L-BFGS algorithm (Liu and Nocedal, 1989). After fitting each
atom, it was removed from the time series and a new atom was then
fitted to residuals, according to the InCrowd algorithm (Gill et al.,
2011). The procedure was repeated as long as the Akaike Information
Criterion (AIC) decreased. Once the AIC index increased, we stopped
the procedure and the fitted atoms were kept for the following steps.
To avoid issues related to the lack of independence of data found in
time series, an autoregressive model with conditional heteroscedasticity
(ARCH model; Brockwell and Davis, 2016) was used for modelling the
errors during the fitting of atoms.

We aimed at analyzing a sudden and significant modification in
NDVI temporal dynamics, which represented a tephra deposition.
Hence, after performing the Basis Pursuit procedure, we filtered the
atoms in search for the ones whose frequency corresponded to: i) a
wavelength longer than the window width (i.e. a kind of “bump” in
the time series), ii) window width shorter than 1/4 of the time series
length, and iii) negative amplitude, meaning the pattern of a negative
perturbationwith limited duration in the time series (i.e. a negative per-
turbation with a subsequent recuperation within the time span of the
study). We estimated the following parameters: amplitude as a mea-
sure of intensity (integral of impact), temporal extent (lengthof impact)
and localization in time of the perturbation (mean point of impact),
which were the parameters of the Gabor functions obtained after filter-
ing (Fig. 1).

Perturbation power wasmeasured in decibels (dB) (Van Valkenburg,
2001), with dB= 10 log10(Pp/Pwn), being Pp, the covariance between the
data, and the perturbation function (the grey area in Fig. 1), Pwn the
ction: i) Amplitude (Integral of impact), ii) Temporal extent (Length of impact), and iii)
June 2011). Black dots and grey lines identify original data, black full line identify the
ut the perturbation.
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variance of the white noise, which are the data residuals after filtering
out all the Gabor atoms and the autoregressive model.

In order to identify the spatial distribution of pixels which contained
the explained pattern of perturbation,we assigned a grey color-scale ac-
cording to the gradient of perturbation power, where increasingly dark
grey referred to higher negative values. This map was overlapped with
two different sources of information available for North Patagonia to as-
sociate the NDVI perturbation patterns with ash deposits and biophysi-
cal heterogeneity (e.g. forest, steppes): a) areaswith similar thickness of
ash deposits estimated with ground-based data (Gaitán et al., 2011); b)
regional ecological areas of North Patagonia, Argentina (Bran et al.,
2000, 2002).

Given the enormous amount of data to be processed, we performed
the basis pursuit procedure, using an OpenCL version 1.1 (Kronos
Group, 2011) via pyopencl (Klöckner et al., 2012), on Nvidia geforce
680, AMD Radeon 7870 and AMD Radeon R9 290x GPUs. The filtering
and the remainder data processing was performed using the python
programming language (Van Rossum and Drake, 2003), with the
numpy libraries for numerical computation (Oliphant, 2006). Data pro-
cessing speed was 474 km2 per minute, which means that overall time
required to process the study area was one day.
3. Results

A perturbation event was recorded for the year 2011 over a large
area in Patagonia, with a NW-SE spatial distribution (Fig. 2).

The total area that significantly recorded a NDVI perturbation pat-
tern in the year 2011 (Fig. 3) followed a normal distribution (Fig. 4),
and the spatial distribution was estimated in 21,059 km2 across three
provinces of Patagonia, Argentina (Fig. 2).

The intensity of NDVI perturbation pattern, as measured by pertur-
bation power, was associated to ash thickness, in arid and semi-arid
rangelands from inner Patagonia and across different ecological regions.
However, the areas with thicker ash deposits (N5 cm; Gaitán et al.,
2011) associated to Andean forests did not recorded changes, except
Fig. 2. Spatial distribution of a perturbation in NDVI time series in the year 2011 in Patagonia, So
gradient of perturbation power (see Fig. 3), where increasingly dark grey refers to higher values
Puyehue-Cordón Caulle Volcanic Complex, Chile. A black rectangle in South America identifies
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for the forest zones near the volcanic chain, were eruption occurred
(Fig. 5).

4. Discussion

The spatial distribution of the perturbation promoted by ash de-
posits in Patagonia from the volcanic eruption of Puyehue-Cordón
Caulle Volcanic Complex in 2011 was successfully identified by means
of a sudden change in NDVI temporal dynamics. The NDVI perturbation
pattern was identified in a NW-SE spatial distribution from the location
of the eruption, which concur with the main ash dispersion in the
highest intensity phase, during which a bent-over plume dispersed
tephra towards the southeast-east, as far as the Atlantic Ocean
(Pistolesi et al., 2015). The most affected areas were arid and semi-
arid rangelands from inner Patagonia, whereas the Andean forests did
not showed changes. This pattern suggests that ash deposits effectively
increased the portion of surface reflectance and reduced the photosyn-
thetic activity of vegetation in areas with medium to short vegetation
heights (i.e. shrub-grass steppes), and high proportions of bare soil
(varying spatially from 40 to 60%) (De Rose et al., 2011; Marzen et al.,
2011). On the other hand, the used remote sensing data were much
less sensitive to changes promoted by ash deposits in the forest areas
(del Moral and Grishin, 1999; Ayris and Delmelle, 2012). This might
be due to the canopy structure. Forests can mask the reflectance of ash
particles due to their thick crown regions of evergreen tree species,
whereas ash deposits remained mostly below the foliage in the follow-
ing spring and summer. In addition, the eruption occurred in thewinter
and some tree species of the study area are deciduous, which means a
marginal impact of ash deposits on these tree canopies. The only excep-
tion occurred in a zone near the volcanic chain, where forest was signif-
icantly influenced by thicker and hotter ash depositions, which affected
the survival and productivity of trees in the following growing season
(Fig. 5, Chile). These patterns are in line with a long-lived discussion
in remote sensing on the Leaf Area Index (LAI), soil reflectance and its
impact on vegetation indices. Results corroborate that soil spectral
properties were much more variable in the context of ash depositions
uth America. Each dot represents a pixel (6.25 ha) and a grey scalewas used to identify the
andwhitemeans no perturbation pattern. Letter Vwithin a circle identifies the location of
the study area.

of volcanic ash deposits of 2011 Puyehue-Cordón Caulle eruption in
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Fig. 3.Total area by year of perturbation inNDVI time series asmeasured by the position of
the minimum value (i.e. mean point of impact, Fig. 1). Each datum refers to a pixel of
6.25 ha.
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in sparse vegetation cover areas (e.g. grassland and shrublands) than in
zones with higher LAI such as evergreen forests (Montandon and Small,
2008).Whereas there are also other indices available that can adjust for
soil exposure and LAI (e.g. Soil-Adjusted Vegetation Index –SAVI-;
Huete, 1988), more significant advances are still required in data
about the spatial distribution and temporal variation of soil reflectance.
The identified spatial variation of NDVI temporal perturbations can
serve as a source of information to orient future research on surface re-
flectance features. In particular, studies of modifications due to tephra
depositions after an eruption and their forwarding spatial remobiliza-
tion dynamic by wind (Panebianco et al., 2017) in Patagonia.

Remote sensing data are primary sources extensively used for
change detection of Earth's surface features in recent decades and
many techniques are in the core of developments and debate for this
end (Lu et al., 2004; Mishra et al., 2016). We applied a sparse-wavelet
transformusing the Basis Pursuit algorithm,whichwas sensitive to cap-
tureNDVI perturbation patternswith a very high data processing speed.
This method provided an accurate temporal representation of the per-
turbation, with a high spatial resolution and a complete picture of the
spatial distribution of ash deposits which affected vegetation dynamics,
as a measure of the impact on large regions such as arid and semi-arid
rangelands of Patagonia. In particular, the method provided additional
spatial information to already known impact of ash deposits on Patago-
nia (e.g. Easdale et al., 2014; Bignami et al., 2014). The total area and
boundaries of affected zones were defined at a high spatial resolution
(250 m) and without interpolation. Previous studies based on ground-
Fig. 4. Total area classified by perturbation power for the year 2011 (measured in decibels,
dB) in NDVI time series. Each datum refers to a pixel of 6.25 ha.
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based data estimated that ash fallout covered an area of over
3 million ha in the North-western portion of Patagonia, Argentina
(Gaitán et al., 2011). Whereas the boundaries of the affected zones
mostly coincided with this study (Fig. 5a), the main difference was lo-
cated in the resolution of information, since an intensity gradient of
the perturbation that affected vegetation dynamics was better identi-
fied. Although the relationship between NDVI perturbation power and
threshold detection of ash thickness was not tackled by this study and
should need further research, the results suggest that detection of
changes in surface reflectance at a pixel level may be highly accurate,
since a 1.5 cm-boundary between Zones B and C was successfully
depicted (Fig. 5a). This suggest a promising resolution in comparison
with other available methods (De Schutter et al., 2015).

The grain of information suggests that a more accurate impact as-
sessment of ash deposits over economic activities such as livestock pro-
duction can bemade (i.e. farm level, landscape units), taking advantage
of the high temporal and spatial resolution of some satellite imageries.
Hence, these results are encouraging as a potentialmethod to delimitate
zones affected by volcanic eruptions followed by ash fallout in Patagonia
and analogous regions. However, some challenges were identified as
bottlenecks to early inform spatial distribution of ash deposit near-
after a volcanic eruption. Firstly, perturbations were depicted by the in-
tegration of the negative impact as well as recovery in NDVI temporal
behavior, which means that information would not be immediately
available after an eruption event. In this respect, the main advantages
can be obtained by combining the results of these procedures with out-
comes from forecasting models of ash cloud trajectory, dispersion and
deposition. Secondly, the usage of optic sensor-based data and the
Basis Pursuit algorithm were most sensitive in arid and semi-arid
rangelands, suggesting higher opportunities in such environments for
the development of a monitoring system. However, this method was
less sensitive in forest and mountainous areas. Further research is
needed to take advantage of the combination of thermal infrared data
(TIR) from optic sensors and microwave data obtained from radar sen-
sors to enhance ash detection in cloudy sky conditions (Bignami et al.,
2014) and over areas with high LAI such as forests. The kind of informa-
tion obtained by the proposed procedure, should complement ground-
based data andmodelling techniques as a corroboration of predicted in-
formation such as expected ash deposition areas. The outcomes of these
applications can contribute to better orient policy intervention such as
State aids for livestock production and rural population, as well as
post-event farming decision making.

Environmental perturbations can be addressed through the lens of
time series analysis of spectral indexes such as NDVI (Illera et al.,
1996). In this regard, the proposed method can be used to analyze the
spatial distribution of other kind of disturbances affecting surface reflec-
tance such as fires or droughts, which may complement other perspec-
tives such as behavioral dynamic trends (Telesca and Lasaponara, 2006;
Easdale et al., 2018). Further research is needed to integrate ground-
based surveys combined with geographic analysis and dynamic per-
spectives based on remote sensing data, in order to fully capture the im-
pact of disturbances such as ash fallout in large areas.

5. Conclusion

The spatial distribution of the perturbation promoted by ash de-
posits in Patagonia from the volcanic eruption of Puyehue-Cordón
Caulle Volcanic Complex in 2011 was successfully identified by means
of a sudden change in NDVI temporal dynamics. The sparse-wavelet
transform using the Basis Pursuit algorithm was sensitive to capture
this perturbation. This process was done by keeping a high data resolu-
tion (250 m) and was performed for a large area with a high processing
speed. Future steps should combine this kind of information with out-
comes from forecasting and trackingmodels of ash cloud trajectory, dis-
persion and deposition. These results are encouraging for the future
development of a new platform to inform stakeholders to mitigate
of volcanic ash deposits of 2011 Puyehue-Cordón Caulle eruption in
(2018), https://doi.org/10.1016/j.jvolgeores.2018.01.020
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Fig. 5. Spatial distribution of perturbation in NDVI time series and a) areas with similar thickness of ash deposits estimated with ground-based data (Gaitán et al., 2011), ash thickness
classes: A: 5.0 to 3.0 cm; B: 3.0 to 1.5 cm; C: 1.5 to 0.5 cm; D: 0.5 to 0.1; E: Not affected; b) regional ecological areas in Patagonia, Argentina (Bran et al., 2000, 2002), 1) Andean
Mountains with forest, 2) Subandean steppes, 3) Patagonian Western District, 4) Patagonian Central District, 5) Monte Austral. Letter V within a circle identifies the location of
Puyehue-Cordón Caulle Volcanic Complex, Chile.
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impact of volcanic ash on agricultural production and for decision
makers to orient intervention strategies after a volcanic eruption
followed by ash fallout over a wide region.
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