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ARTICLE INFO ABSTRACT

Keywords: Measuring eruption volume provides constraints on the magma supply rate and plumbing systems and therefore
Volcanic eruption is a critical component for monitoring volcanoes. We use ArcticDEM—a large collection of time-dependent
Geodesy digital elevation models (DEMs) derived from satellite stereo-photogrammetry — to construct a first-of-its-

Satellite photogrammetry

kind measurement of the volumes of recent mass flows at Mount Cleveland, Alaska. We quantify the volume
Caldera collapse

of the products of the 2001 eruption (the largest in the past half-century) as (54.8 & 0.5) x 10® m® covering a
total area of 5.09 km?. The total volume of material loss at the summit crater is (0.67 £0.02) x 10° m3, which is
likely caused by later explosions and collapses of the shallow magma chamber. The total eruptive volume be-
tween 2017 and 2020 is (0.086 4 0.002) x 10° m®. Elevation changes associated with lahars are variable. On the
upper northern slopes of the volcano, the lahar channels were almost exclusively erosive, suggesting that lahars
originating at the summit eroded and entrained loose materials high on the cone. In general, lahar deposits were
thickest near their toes, with some reaching ~20 m thickness.

1. Introduction

Mount Cleveland volcano, located in the central Aleutian Islands of
Alaska, is one of the most active volcanoes in North America. Aleutian
Island Arc volcanoes are formed from the subduction of the Pacific plate
beneath the North American plate. The rate of plate convergence is
about 7 cm/year near Mount Cleveland (Power et al., 2021). Mount
Cleveland is considered to be an open-vent system where volcanic
products erupt without producing significant deformation outside the
summit crater (Lu and Dzurisin, 2014; Power et al., 2021). It has erupted
37 times in the past 250 years (Smith, 2005), among which 24 eruptions
occurred within the past 37 years (since 1984). Since 2001, four major
eruptions (with a volcanic explosivity index (VEI) >3) occurred in 2001,
2006, 2013-2014, and 2020, according to the Alaska Volcano Obser-
vatory (https://avo.alaska.edu/volcanoes/volcact.php?volcname=Cle
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veland, last accessed May 23, 2022). The 2001 eruption produced sub-
stantial lava flows (Smith, 2005), while the later ones were primarily
explosive and produced vigorous eruption plumes and some lahars.
During a single eruption, Mount Cleveland usually produces several
different types of eruptive products including gas emissions, ash plumes,
lahars, pyroclastic debris flows, and effusive lava flows (Smith, 2005).
Although this volcano is located in a remote area, volcanic ash plumes
from Cleveland eruptions pose a high risk to heavily traveled air routes,
with the potential to cause severe damage to aircraft (e.g., Dean and
Dehn, 2015).

Integrated remote sensing, geophysical, and geological data can
improve our knowledge of past eruption behaviors and magmatic pro-
cesses, which may facilitate eruption forecasts and warnings. The 2001
eruption at Mount Cleveland was the largest in the past half-century
(Power et al., 2021). Dean et al. (2004) investigated the extent of lava

Received 10 January 2022; Received in revised form 5 June 2022; Accepted 17 June 2022

Available online 21 June 2022
0377-0273/© 2022 Elsevier B.V. All rights reserved.


https://avo.alaska.edu/volcanoes/volcact.php?volcname=Cleveland
https://avo.alaska.edu/volcanoes/volcact.php?volcname=Cleveland
mailto:cdai@lsu.edu
www.sciencedirect.com/science/journal/03770273
https://www.journals.elsevier.com/journal-of-volcanology-and-geothermal-research
https://doi.org/10.1016/j.jvolgeores.2022.107614
https://doi.org/10.1016/j.jvolgeores.2022.107614
https://doi.org/10.1016/j.jvolgeores.2022.107614
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jvolgeores.2022.107614&domain=pdf

C. Dai et al.

52°49'

52°48'

-169°58'

-170°00' -169°56' -169°54'
Surface elevation change (m)
A 3 E
-30 -15 0 15 30
(b
340 - Elevation change = 32.7+1.2 m - .
= L4
Ea30t s ]
c 1 eruption
Re)
w320 s 1
>
o
w 310 .
O Measurements
300?_‘ —o— Linear Fit ,

01/02 01/04 01/06 01/08 01/10 01/12 01/14 01/16 01/18

Date (month/year)

Journal of Volcanology and Geothermal Research 429 (2022) 107614

1800 : . .
17001 1
£ 1600} J
s
= 1500 1
©
>
) A ———— 2000/02/11 |
o 1400 ———— 2017/08/21
2017/10/15
1 300 1 1 1 1 1 Il
0 200 400 600 800 1000 1200 1400
Distance (m)
1080
1060 1
é 1040 B
s
= 1020 1
©
3
m 1000 ———— 2000/02/11
———— 2017/08/21
980 1 Il 1 Il 1 I 1
0 100 200 300 400 500 600 700 800
Distance (m)
e
320 © - - : .
L ——— 2000/02/11 | |
310 2012/08/13
———— 2017/08/21
o 300 ————2017/10/15 | |
c 290
k=]
©
S 280
Q@
w 270
260

0 100 200 300 400 500 600 700 800 900
Distance (m)

Fig. 1. Surface elevation changes of Cleveland Volcano between 2000 and 2012. (a) Surface elevation change estimated from multiple Digital Elevation Models
(DEMs) (Table S1). The background is the hillshade of 2-m resolution DEM generated from DigitalGlobe/Maxar WorldView-2 images acquired on August 23, 2020.
The black lines outline the mass flow field retrieved from the surface elevation change map. The lahar/lava flows (blue lines), lahar flows (magenta lines), and lava
flow (red line) boundaries of the 2001 eruption from field observations and satellite images (Smith, 2005) are plotted. The black box denotes the study area in Fig. 3.
The inset shows the location (red pin) of Mount Cleveland on Google Earth map. (b) The elevation time series at the white circle in (a). The blue circles are elevation
measurements from SRTM DEM and ArcticDEM. Red line is the linear fit (Eq. (1)) to satellite measurements (blue circles). The black vertical bar denotes the time
span of the 2001 eruption. (c-e) Surface elevation profiles across the lava flow field AA’, BB’, and CC’. The location of the profiles is denoted in Fig. 1 (a). The pre-
eruptive DEM (black) is the SRTM DEM acquired in February 2000. The post-eruptive DEMs are ArcticDEM data (denoted in colour orange, magenta, and red). Note
that the DEM in August 2012 is not available along AA’ (c) and BB’ (d) profiles due to data gaps near the summit (see also Fig. S1). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

flows from this eruption using satellite thermal data (AVHRR, 1 km
resolution) and the extent of deposits using Landsat 7 (30 m) and sat-
ellite radar data (Radarsat, 30 m resolution), as well as the motion of
volcanic clouds at different stages using satellite images from multiple
missions (GOES, AVHRR, and MODIS). Smith (2005) quantified the lava
effusion rates of the 2001 eruption using thermal infrared data and
mapped the mass flow extents using Landsat 7 images and field obser-
vations, yielding a volume estimate of 9.1 x 10° m®. Wang et al. (2015)
studied dome formation associated with eruptive activity at Mount
Cleveland in 2011-2012 using TerraSAR-X radar imagery, giving a
volume estimate of 0.9 x 10° m® for part of the 2011 eruption. Werner
et al. (2017) estimated the total volume extruded from 2011 to 2015
eruptions as (1.9-5.8) x 10° m® using satellite thermal infrared data
(MODIS). The combination of gas emission and melt inclusion data for
the 2016 eruption at Mount Cleveland volcano suggested a continued
presence of shallow magma in the upper conduit between 0.5 and 3 km
depth (Werner et al., 2020). The recent availability of on-site seismic
data (since 2014) also suggested a shallow magma body fed by a deeper
conduit system (Power et al., 2021).

Despite these previous studies, little is known about the distribution

of past eruptive flows at Cleveland Volcano, which are crucial for un-
derstanding associated eruptive volumes and processes. Different sat-
ellite missions have been used for studying active volcanism worldwide,
e.g., the TanDEM-X radar satellite mission can overcome obscurity from
clouds or nighttime measurements and provide lava flow maps at 15 m
resolution (e.g., Kubanek et al., 2015, 2017), and Pleiades-1 optical
satellites can provide time series of volcanic topography at 1 m resolu-
tion (Bagnardi et al., 2016; Moussallam et al., 2021). However, these
data have limited accessibility. This paper quantifies the surface eleva-
tion changes corresponding to 2001, 2017-2019, and 2020 eruptions of
Mt. Cleveland, Alaska using multiple remote sensing datasets. We
analyze changes in surface elevation by integrating Digital Elevation
Models (DEMs) from the Shuttle Radar Topography Mission (SRTM)
(Farr et al., 2007) and ArcticDEM (Porter et al., 2018). The 30 m reso-
lution SRTM DEMs acquired in February 2000 provide the earliest
acquisition of the topography for this study. ArcticDEM, generated from
commercial satellite imagery, provides 2-m resolution DEMs for the last
decade. Here, the unprecedented spatial and temporal coverage of
ArcticDEM enables the first detailed quantification of the spatial dis-
tribution of the mass flows at Mt. Cleveland two decades after its major
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2001 eruption.

2. Data and methods
2.1. WorldView DEMs

We obtain high-resolution (2 m) DEMs created from stereoscopic
satellite imagery acquired by the WorldView constellation of satellites.
Eleven of these DEMs, created from imagery acquired between 2010 and
2018, were created and distributed as part of the ArcticDEM project
(Porter et al., 2018). ArcticDEM data are generated using the SETSM
software (Noh and Howat, 2015, 2017) from stereo pairs of images
obtained either along the same orbital pass, or from different orbital
passes where the differences in view angles are sufficient (Noh and
Howat, 2019). Considering that the quality of stereo-photogrammetric
DEM:s is affected by clouds, shadow, surface water, or saturation arti-
facts in satellite imagery (Dai and Howat, 2018), we manually scruti-
nized the quality of each available DEM. Since Mount Cleveland has
seasonal snow cover each winter (Smith, 2005), we selected DEMs be-
tween August and October to minimize snow coverage on the volcanic
cone. A comparison of winter and summer DEMs suggests that seasonal
snowpack on the upper slopes is on the order of several meters thick.
Manual selection based on data quality and snow cover leads to three
good quality DEMs (Table S1) from the eleven available DEMs.

In order to quantify the mass flows of the latest June 1, 2020 erup-
tion, we requested a satellite acquisition shortly after the eruption (in
July 2020) via the USGS Commercial Remote Sensing Space Policy
(CRSSP) Imagery Derived Requirements (CIDR) tool (https://cidr.cr.
usgs.gov/). We received three WorldView-2 images on August 23 and
two WorldView-1 images on August 24 through the NextView license
(Neigh et al., 2013). Three DEMs (Table S2) were then created from
stereoscopic imagery collected in 2020 using the same software as that
used by the ArcticDEM project (SETSM, Noh and Howat, 2015). Detailed
mapping of the recent 2020 eruption demonstrates the recent morpho-
logical changes of the summit crater.

2.2. DEM coregistration and time series analysis

DEM coregistration is required to reduce systematic planar and
rotational offsets between each pair of DEMs (Fig. S1) (Dai and Howat,
2017). We adopt the algorithm developed by Noh and Howat (2014),
which automatically selects control points based on similarities in DEM
slope, aspect, and height undulations. Control points are those stable
pixels where no relative movement is detected (e.g., Fig. S2 in Dai and
Howat, 2017). The coregistration is well defined when the number of
control points is sufficient (>0.3% of all pixels) and evenly distributed,
as well as height differences over control points following a Gaussian
distribution (Noh and Howat, 2014). To mitigate the impact of areas of
topographic change on DEM coregistration, we also manually crop out
the lava flow areas. The DEM with the best coverage is chosen as the
reference DEM, e.g., the SRTM DEM in 2000, or the ArcticDEM on
August 23, 2020. For eruptions between 2000 and 2012, the mean
height difference over automatically detected control points after the
coregistration is around 0.03 m, and the standard deviation of height
differences over control points is about 5 m. For eruptions between 2017
and 2020, the mean and standard deviation over control points are
around 0.004 m and 0.8 m, respectively. The worse performance for the
2000-2012 eruptions is caused by the inclusion of SRTM DEM (Dai and
Howat, 2017), which has lower vertical accuracy. Here, the 30-m res-
olution SRTM DEM is resampled to 2-m posting for differencing with the
2-m resolution DEMs.

Next, the surface elevation time series at each pixel is analyzed based
on the time series analysis method of Dai and Howat (2017). A simple
linear model with least-squares adjustment is used to estimate the sur-
face elevation change caused by volcanic eruptions, and quantify the
corresponding uncertainties (e.g., Fig. 1(b)). The linear model is defined
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Fig. 2. Uncertainty of the estimated elevation change between 2000 and 2012.
The background is the hillshade of 2-m resolution DEM generated from
WorldView-2 images acquired on August 23, 2020. The black lines outline the
mass flow field retrieved from the surface elevation change map (Fig. 1(a)). The
blue, magenta, and red lines denote the lahar/lava flows, lahar flows, and lava
flow boundaries of the 2001 eruption from field observations and satellite
images (Smith, 2005). The average uncertainty is about 1.5 m, and the median
uncertainty is about 0.9 m. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

by a constant value and a change of elevation using the Heaviside step
function. We have:

y=a+bxH(—1,) (@D

where y is the surface elevation (in meters) measured at acquisition time
(tin years), and t, is the epoch of the eruption from the Global Volcanism
Program or other published sources, in years. a is the constant repre-
senting surface elevation before the eruption in unit of meters, b is the
estimated elevation change, in meters. H(t — t,) is the Heaviside step
function as shown in Dai and Howat (2017).

The uncertainties are estimated through the error propagation of the

estimated variance component, Eg, which can be calculated by the
following equation:

Gy = 'Pe/(n—m)

where n is the total number of DEM acquisitions. m is the number of
unknown parameters (e.g., the elevation change, b, and the surface
elevation before the eruption, a), which is 2 here. ¢ is the estimated error
vector (n by 1) of all measurements, where each element of this vector is
the difference between a measurement and the linear fit to all mea-
surements (Fig. 1b). P is the weight matrix (n by n), which is a unit
matrix by assuming equal weight for all measurements. The square root
of the estimated variance component represents the uncertainty of
elevation measurements at each pixel. The uncertainties of estimated
parameters (i.e., the elevation change) can then be estimated through
error propagation. It is worth pointing out that there was a typograph-
ical error in eq. 4 of Dai and Howat (2017), where the denominator
should be (n-m) instead of (n-1) for the estimated variance component,

~2
0g-
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Fig. 3. Surface elevation changes between 2017 and 2020. (a) The surface elevation change map. The black dash lines are digitized mass-flow deposits of the 2020
eruption outlined by Chris Waythomas at the Alaska Volcano Observatory (https://www.avo.alaska.edu/images/image.php?id=159631). The inset shows the
enlargement of the summit area, and the black thin lines denote the boundaries of the deposits and material loss. (b)-(c) Surface elevation profiles along two profiles

across the summit area.

2.3. Post processing of the surface elevation change map

After retrieving the 2D surface elevation change (e.g., Fig. 1) from
the DEM time series analysis, additional filtering and post processing
steps are carried out to remove outliers and fill small voids. First, we
filter out pixels that have uncertainties larger than 10 m (around five
times the average uncertainty) (e.g., Fig. 2). Afterward, small areas of
voids are interpolated with a maximum distance of 15 pixels (30 m)
from the edges of valid data. The post-processed surface elevation
change data is then used to estimate the volumes and areas of mass flows
(Dai and Howat, 2017).

3. Results
3.1. 2001 eruption

Due to the limited temporal resolution of DEM measurements
(Table S1), we can only solve for the total topographic change between
February 2000 and August 2012 (Fig. 1). During this period, the largest
eruption series occurred in 2001 (VEI 3). Another relatively large
eruption in 2006 was characterized by high explosive plumes, and gas
and ash emissions, but did not produce noticeable volcanic deposits at
the volcano (Neal et al., 2009). There were eight smaller eruptions (VEI
2), all of them primarily explosive. Details about the eruption from
February 2 to April 15, 2001 can be found at the Global Volcanism
Program, Smithsonian Institution (https://volcano.si.edu/;McGimsey
et al., 2004). There is no evidence to suggest that the smaller eruptions,
or even the 2006 VEI 3 eruption, produced substantial flow deposits, so
our estimated surface elevation changes primarily represent the flows
from the 2001 eruption, except at the summit area where subsequent
changes to the summit crater dominate the signal.

Based on the surface elevation change map from multiple DEMs
(Fig. 1(a)), the mass flow area is determined by selecting pixels with
elevation changes >2 m. The threshold of 2 m is chosen corresponding
to the average uncertainty of estimated elevation changes (Fig. 3). Small
clusters of data with total areas <20,000 m? are removed, and small

holes with total areas <4000 m? are restored. We then identify the mass
flow field (Fig. 1) as the largest cluster of positive surface elevation
changes in the vicinity of the mapped lava field by Smith (2005). Based
on the algorithms for estimating the eruption volume and its uncertainty
(Welch, 1967; Bagnardi et al., 2016; Dai and Howat, 2017), the total
volume is then estimated to be (54.8 4+ 0.5) x 10° m3, and the total area
is 5.09 km?. For the calculation of the volume uncertainty, the covari-
ance between neighboring pixels is estimated using the average perio-
dogram of surface elevation changes in four stable regions (no mass
flows) marked in Fig. S2 (Dai et al., 2020). In areas with no standard
deviations (due to lack of repeated measurements), the mean standard
deviation (1.5 m) of surface elevation changes is used to fill the void.
Our estimated total volume from the DEM time series is about 4 times
larger than the estimate of Smith (2005), a volume of 9.1 x 108 m3,
which was made from a rough estimate of the flow extent using satellite
data and an assumption of a 10 m average thickness for the lava flow.
The difference mainly results from the larger area (5.09 km?) of flow
extent quantified in this study using DEMs. The flow deposit area was
estimated to be only 0.85 km? by Smith (2005), but he also noted that
his estimate was limited by the lack of field observations at higher ele-
vations (>300 m). Based on DEM differencing, we find that there were
large deposits at higher elevations as well. Our deposit field extent
generally agrees with the Smith (2005) deposit outlines of the 2001
eruption at the lower elevations, where his outlines were based on field
mapping.

The summit area shows both positive and negative elevation
changes, including the development of a prominent summit crater.
Material gain near the summit is focused on the southern and western
rim of the crater, and including the uppermost parts of the main flow
deposits. Material loss at the summit reflects the development of a
prominent summit crater. The total 2000-2012 material loss at the
summit area is estimated from the area showing >2 m surface elevation
decrease. The total area of elevation loss is 0.021 km?, and the total
volume of material loss is about (0.67 £+ 0.02) x 10° m3. The summit
area was likely modified many times by the eruptions between 2001 and
2012, so it is not possible to identify deformation or destruction caused
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Fig. 4. Uncertainty of the estimated elevation change between 2017 and 2020.
The background is the hillshade of 2-m resolution DEM generated from Maxar
WorldView-2 images acquired on August 23, 2020. The black dash lines are
digitized mass-flow deposits outlined by Chris Waythomas at the Alaska Vol-
cano Observatory (https://www.avo.alaska.edu/images/image.php?
id=159631, last accessed May 26, 2022). The average uncertainty is about
2.2 m, and the median uncertainty is about 0.2 m.

by a single eruption. However, field photos, satellite images, and photos
taken by the International Space Station give some information about
the evolution of the summit crater as discussed in Section 4.

3.2. Surface elevation changes between 2017 and 2020

In recent years, satellite images have observed repeated lava dome
growth and destruction (by explosions) within Mount Cleveland's sum-
mit crater (e.g., Wang et al., 2015; Werner et al., 2017, 2020). On June
1, 2020, an explosion was detected by regional infrasound sensors. The
Alaska Volcano Observatory reported that this eruption blew out the
January 2019 dome and some material from the summit crater (http://
www.avo.alaska.edu), and volcanic debris flows (of unknown thickness)
extended 2.8 km down the northern and eastern flanks of the volcano.
With a timely request of the satellite tasking to this area, we generated
three post-eruptive DEMs in August 2020 (Table S2), which provided a
valuable data source for mapping recent eruptions.

Since the latest pre-eruptive DEMs were in 2017 (Table S2), we can
only solve for the total surface elevation changes between 2017 and
2020. There were three eruptions during this period: the February 3,
2017 to January 20, 2019 eruption, the November 7 to November 15,
2019 eruption, and the June 1, 2020 eruption (https://avo.alaska.ed
u/volcanoes/volcact.php?volcname=Cleveland). The measured topo-
graphic changes (Fig. 3) represent the total changes from these three
eruptions between August 21, 2017 and June 1, 2020.

As shown in Fig. 3(b), the most prominent feature is that part of the
rim of the summit crater was removed during these eruptions, but there
are also areas within the crater that show elevation gain. The boundary
of the largest area of elevation increase (Fig. 3(a)) is consistent with the
location of the lava dome that formed in January 2019 (https://avo.ala
ska.edu/images/image.php?id=150661), and likely represents the
remnants of that dome. With a threshold of 2 m, the total volume change
within the area of surface elevation increase within the crater is about
(0.086 + 0.002) x 10° m3, with a total area of 0.01 km?. The average
standard deviation of the estimated surface elevation change from DEM
time series is about 2.2 m (Fig. 4). The uncertainty of the total volume is
estimated using the same method as described before (Bagnardi et al.,
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2016; Dai and Howat, 2017). Height increase in this area likely repre-
sents the remains of a dome or domes extruded within the crater, which
was then partially destroyed by later explosions. With a threshold of -2
m, the total volume of material loss along the rim of the crater is about
(0.12 £ 0.01) x 10° m®, with a total area of 0.02 km?. Given that these
elevation decreases correspond to the location of the crater rim as of
2017, it is likely that these materials were blasted away by the series of
explosions, which in places widened the crater, near A (Fig. 3b).

Outside the crater, we did not observe clear elevation changes that
could be related to volcanic activity. The total area within the mapped
(by the Alaska Volcano Observatory) debris flows of the 2020 eruption is
0.22 km? and the net volume is (—0.04 + 0.01) x 10° m®, yielding a
mean thickness of about —0.2 + 0.05 m, which is not significant
considering the uncertainties of the elevation change (e.g., around 2.2 m
of mean uncertainty). Fig. 3a shows some small areas of apparent height
increase or decrease, but these do not correspond to the mass flow de-
posits mapped for the 2020 eruption, nor do their shapes clearly point to
a volcanic origin. The lack of clear flow deposits in the DEM difference
map, in contrast to the large deposits observed for the 2001 eruption,
suggests that any proximal deposits were too thin to be resolved given
the current accuracy of stereo-photogrammetric DEMs.

4. Discussion

Smith (2005) reported a rounded profile of the summit (without ice)
in 2002, and a partial collapse of the southern portion of the crater that
occurred between summer 2002 and July 2004. For example, Interna-
tional Space Station photo ISS004 Roll: E Frame: 13801 (Fig. S3a) shows
a rounded and snow-topped summit in May 2002, while other images
taken later in the same summer show a rounded and snow-free summit
(e.g., Fig. S3b). In contrast, photos (Fig. S3c) and field observations from
July 2004 show a clear cut-out at the summit that was not present in
2002 (Smith, 2005). Hence, our estimated material loss between 2000
and 2012 is probably dominated by a collapse at the summit following
the 2001 eruption. However, our estimate may also reflect later modi-
fication of the summit crater by later explosions. Very few photos of the
Cleveland summit exist during that time period, but photos from pilot
Chad Hults in August 2008 (Fig. S3d) show a larger and differently
shaped summit crater than was observed in 2004 by Smith.

The bowl-shaped depression at the summit (Fig. 1c, Fig. S3d) is likely
caused by both the later explosions (definition of a crater) and the
collapse of the shallow magma chamber after the effusion of lava, which
is the definition of a caldera. Specifically, field photos of the partial
collapse during an inactive period (Smith, 2005) indicate that the sec-
ond mechanism explains part of the material loss at the summit.
Depressurization of the magma chamber or degassing would cause the
surface elevation decrease. In addition, there is evidence from later
seismic data (Power et al., 2013, 2021) and gas emissions analysis
(Werner et al., 2020) suggesting the persistent existence of a shallow
magma in the magma conduit system, and the top of the magma column
within hundreds of meters depth. It is likely that both mechanisms have
contributed to the total observed mass loss at the summit crater (i.e.,
(0.67 + 0.02) x 105 m®).

Outside the summit crater, the 2001 flow deposits include lava flows,
lahar flows, and volcaniclastic debris flows. The depositional sequence
described by Smith (2005) showed that the 2001 eruption produced a
thick layer of volcaniclastic debris on the bottom and then a layer of lava
flows on top. The lack of data on the fraction and density of each type of
material makes it difficult to convert the bulk volume to the dense-rock
equivalent (DRE) of magma (Dai and Howat, 2017; Dai et al., 2020).
Assuming the nonvesiculated magma density of 2600 kg/m> (Werner
et al., 2020) and potential average flow densities of 1300-2600 kg/m3,
spanning the range of lahars, debris flows and ‘a'a lava flows (Belousov
and Belousova, 2018; Thouret et al., 2020), gives a plausible range of
(27-55) x 10° m® DRE of erupted magma.

One of the error sources in elevation changes is due to snow coverage
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Table 1
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The volume and area of deposits within each lahar. Note: The main deposits and the material loss are not included in the calculation for peripheral areas.

For all peripheral Lahar 1 Lahar 2

areas

Lahar 3 Lahar 4 Lahar 5 Lahar 6

Volume (-1.8+£1) x10°m®  (0.8+0.3) x 10°  (—0.7+£0.1) x 10°  (-0.1 £0.1) x 10° (3.0 +0.2) x 10° (0.9 +0.1) x 10° (2.3 £ 0.3) x 10°
m> m> m® m? m> m>
Area 54 km? 0.64 km? 0.46 km? 0.79 km? 1.7 km? 0.6 km? 0.78 km?
Average —0.03 + 0.02m 1.34+0.5m -1.6+0.2m —0.1+0.1m 1.74+01m 1.54+0.2m 2.9+ 0.4m
thickness
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Fig. 5. Elevation change profiles along each lahar. The y-axis represents the median elevation changes within a bin (interval) of absolute elevations. The spatial

boundary of each lahar is shown in Fig. 1(a).

at the acquisition time (February 2000) of the SRTM DEM. Nevertheless,
considering the penetration of the C-band radar signal of SRTM into
snow up to 10 m (Gardelle et al., 2012), the effect of snow coverage is
expected to be negligible based on our estimate for seasonal snow
accumulation of a few to several meters based on the later winter optical
DEMs. The average elevation change of all pixels outside of the main
mass flow fields is around —0.03 4+ 0.02 m (Table 1). This near-zero
average over peripheral areas is expected since the coregistration of
DEMs is designed to minimize the elevation differences at the control
points located on the stable rocky terrain. This quantity is a good mea-
sure for evaluating the overall coregistration performance.

Six lahars (Fig. 1a) were identified by Smith (2005) based on map-
ping and interpretation of field photos and satellite images. The eleva-
tion profiles along the six lahars (Fig. 5) show that erosion is dominant
during the study period on the northern side of the volcano, especially
on the steep slopes. Lahars were formed primarily by volcanic ash or
other debris, which melted snow near the summit and resulted in
meltwater and mud flowing down the steep slope. Some of these flows
likely eroded the pre-eruptive topography and entrained additional
loose materials on the upper slopes, eventually depositing material on
the lower flanks (or into the ocean). Lahars 2 and 3 on the north show
predominantly near-zero or negative elevation changes (Fig. 5a), espe-
cially at higher elevations, and the net volume changes within these two
mapped lahars are negative (Table 1). Lahar 2 appears to have reached
the ocean, so material likely was deposited mainly offshore. The lahars
on the western and southern slopes (1, 5, 6) show elevation gain on the
higher slopes (with limited areas of apparent erosion in the case of lahar
1), and smaller elevation changes at lower elevations (Fig. 5b). Lahar 5
on the southern slope shows a large elevation increase at its toe, up to 20
m thick (Fig. 5b). The thick deposits along lahars 1 and 6 may include
part of the main mass flow field (black line in Fig. 1a).

5. Conclusion

Here we characterize the topographic changes caused by historical
eruptions between 2001 and 2020 using 2 m resolution DEM time series
generated from commercial satellite imagery. ArcticDEM offers a unique
data source for recovering high resolution mass flow distribution maps
and volume estimates 20 years after the 2001 eruption. In addition,
following timely satellite tasking, elevation changes caused by the June
1, 2020 eruption were mapped two months after the event.

Topographic changes at Mount Cleveland over 2000-2020 are
mainly associated with the large flow deposits caused by the 2001
eruption, and with the subsequent modification of the summit by col-
lapses and explosions. We quantify the volume of the lava and debris
flows of the largest eruption (2001) as (54.8 £+ 0.5) x 10 m® (likely
(27-55) x 10° m® DRE of magma), and the flow deposits covered a total
area of 5.09 km?. Flow deposits on the upper slopes of the volcano are
much thicker than reported by Smith (2005), who could only access the
lower portion of the flows, hence yielded a much less volume estimate
(9.1 x 10° rn3). The total volume of material loss (2001—-2012) at the
summit crater is (0.67 + 0.02) x 10° m?, which is likely caused by ex-
plosions and collapses of the shallow magma chamber starting sometime
between 2002 and July 2004 and continuing through several explosive
eruptions. The total eruptive volume between 2017 and 2020 is only
(0.086 £ 0.002) x 10°m3. A comparison of the 2017 and 2020 images
quantifies the changes at the summit, which included removal of parts of
the crater rim, and the remnant of an extrusive dome within the summit
crater.

Elevation changes associated with the 2001 lahars are variable. On
the upper northern slopes of the volcano, the lahar channels were almost
exclusively erosive, suggesting that lahars originating at the summit
eroded and entrained loose materials high on the cone. These lahars
produced deposits on the lower slopes, aside from one lahar that reached
the ocean and likely deposited material offshore. Other lahars were
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predominantly depositional, with little evidence of erosion on the steep,
upper slopes.

For active volcanoes, more frequent satellite revisits of the target
area would be essential for differentiating individual eruptions. Our
methodology of synthesizing multiple DEMs through time series analysis
is a useful approach for overcoming the common issue of data gaps in
DEMs from optical images. Our results reaffirm and highlight the po-
tential for DEM time series to be an important tool in monitoring and
studying volcanic activity.
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