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Cover.  Lidar point cloud of the Overlook crater, Kīlauea Volcano, Hawaiʻi, from February 28, 2012, colored by 
reflectance. The lava level on this date was the lowest of all terrestrial laser scanning survey dates, exposing 
more crater wall than was seen on other dates.
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Crater Growth and Lava-Lake Dynamics Revealed Through 
Multitemporal Terrestrial Lidar Scanning at Kīlauea  
Volcano, Hawaiʻi
By Adam L. LeWinter,1 Steve W. Anderson,2 David C. Finnegan,1 Matthew R. Patrick,3 and Tim R. Orr3

Abstract
Lava lake surfaces display the tops of active magma 

columns and respond to eruption variables such as magmatic 
pressure, convection, degassing, and cooling, as well as 
interactions with the craters that contain them. However, they 
are challenging to study owing to the numerous hazards that 
accompany these eruptions, and they are typically difficult to 
observe because the emitted gas plumes obscure the lava lake 
surfaces. The 2008–2018 Overlook crater and lava lake at 
Kīlauea Volcano, Hawaiʻi, provided a remarkable opportunity 
to study several high-resolution data streams of eruption 
variables that impacted the lava lake. To investigate how the 
crater and associated lava lake responded to changes in these 
eruption variables, we acquired terrestrial light detection 
and ranging (lidar) surveys of the Overlook crater and lava 
lake surface from February 2012 through December 2013, 
supplemented with several earlier terrestrial and airborne lidar 
datasets, to quantitatively track changes in the shape of the 
lava lake surface and the crater walls. Lidar captures high-
resolution data even when the lake is completely obscured 
by thick gas plumes. We used a novel “unrolling technique” 
to map volumetric changes in crater shape, because standard 
elevation differencing fails to capture all topographic 
changes on the nearly vertical, and sometimes overhanging, 
crater walls. We measured crater perimeter growth rates of 
approximately 52 meters per year from 2009 to 2013, with 
the greatest growth occurring along a line linking areas of 
persistent upwelling and downwelling. We suggest that the 
development of an oblong crater with a perimeter that grows 
linearly is best explained by a model where degradation is 
favored at the sites of persistent upwelling and downwelling 
and where growth is controlled by a lithology that varies little 
with respect to rock strength. We also found that most of the 
Overlook crater growth occurred during a relatively small 
number of significant rockfall events (~16) over this period. 
Additional lidar datasets revealed that the lava lake surface 
has a measurable slope from the areas of persistent upwelling 
to downwelling, although rockfalls from the crater walls 

1U.S. Army Corps of Engineers.
2University of Northern Colorado.
3U.S. Geological Survey.

temporarily changed the direction of crustal plate movement 
along with the magnitude and direction of the lava lake surface 
slope. Our study demonstrates that lidar is an effective tool 
for tracking the topography of an active volcanic crater when 
heavy outgassing renders other tools, such as structure from 
motion, ineffective.

Introduction
Active lava lakes provide insights into eruption processes 

by exposing the surfaces of convecting, open-vent magmatic 
systems (Patrick and others, 2016; Lopes and others, 2018; 
Burzynski and others, 2018; Valade and others, 2018). As of 
early 2018, there were 10 persistently active lava lakes on 
Earth (Lopes and others, 2018), with their respective volcanoes 
presenting hazards that could impact millions of people 
annually. For example, the 1977 and 2002 fissure eruptions that 
catastrophically drained the lava lake at Nyiragongo volcano 
(Democratic Republic of the Congo) killed 70 and 147 people, 
respectively (Demant and others, 1994; Allard and others, 
2002). In addition, from 2008 to 2018 a lava lake formed at 
Kīlauea Volcano, Hawaiʻi, within Hawaiʻi Volcanoes National 
Park, a popular tourist area that had more than 2 million 
visitors in 2018 (Thomas and Koonce, 2019). High SO2 levels 
and particulates, coming primarily from this summit lava 
lake, were responsible for the closure of parts of the park out 
of safety concerns (Elias and Sutton, 2017; Elias and others, 
2018) and created health concerns for downwind residents 
(Longo, 2013; Tam and others, 2016; Elias and others, 2018). 
The new crater containing this lava lake, later informally 
named the “Overlook crater” because of its position below 
the Halemaʻumaʻu Overlook, enlarged substantially from 2008 
to 2018 as the crater walls collapsed. Most of these rockfalls 
impacted the lava lake, and some triggered explosions that 
tossed lithic and juvenile material onto the surrounding caldera 
floor (Wilson and others, 2008; Orr and others, 2013), creating 
hazardous conditions for scientists in the field.

The Overlook crater and lava lake initially formed on 
March 19, 2008, when an approximately 35-meter (m)-wide 
vent opened along the southeastern wall of the 1-kilometer 
(km)-wide Halemaʻumaʻu Crater (Patrick and others, 2019a) 
(fig. 1). Because of its proximity to the U.S. Geological Survey 
(USGS) Hawaiian Volcano Observatory (HVO), the Overlook 
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Figure 1
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Figure 1.  Maps showing the location of Kīlauea Volcano, Halemaʻumaʻu Crater, and the 2008–18 lava lake. A, The Island of Hawaiʻi in 
the Pacific Ocean with Halemaʻumaʻu Crater, prior to mid-2018, approximated by the white box. B, Halemaʻumaʻu Crater (yellow outline), at 
~1 kilometer diameter and ~80 meters deep, situated within the Kīlauea summit caldera. The Overlook crater (red outline) contained an active 
lava lake and was adjacent to the southeastern wall of Halemaʻumaʻu Crater.

crater and lava-lake system provided a unique opportunity 
to obtain several long-term data streams that provide insight 
regarding the formation and evolution of the lava lake and 
its enclosing pit crater, forming a scientific foundation for 
mitigating hazards.

In addition, understanding lava lake eruption processes 
may provide insights regarding the magma supply (Oppen-
heimer and others, 2009) and the connectivity between the 
summit and downrift activity (Orr and others, 2015). For 
example, during 2011 the Kamoamoa fissure eruption along 
the Kīlauea East Rift Zone (ERZ) effused lava for 7 days, cor-
responding with a rapid drop in lava level within the Overlook 
crater (Orr and others, 2015). In 1924, the rapid draining of 
the summit lava lake at Kīlauea resulted in subsidence of 
Halemaʻumaʻu Crater and a series of explosive eruptions 
spread over 18 days (Decker and Christiansen, 1984; Mastin 
and others, 1999).

Lava lakes are hazardous locations, requiring that field-
based studies such as topographic surveys occur from a safe 
distance. Terrestrial laser scanning (TLS) using light detection 
and ranging (lidar) technology provides highly accurate and 
precise (subcentimeter) topography, while reducing risk to 
researchers because these instruments can be used at standoff 
distances ranging from several hundred meters to several 
kilometers.

Until recently, lidar measurements were limited to a single 
returned range measurement per laser pulse (Glennie and 
others, 2013). The result of this limitation, when attempting 
to measure through gas and ash plumes common at active 
lava lakes, was that many of the laser pulses interacted with 
particles in the plume rather than the lake surface or crater 
walls. With the introduction of full-waveform analysis, a 

technique that provides multiple topographic measurements 
from a single pulse, it is now possible to “see through” the 
volcanic plume by using the last return, effectively filtering out 
earlier returns caused by interaction with material in the plume 
(fig. 2 of Glennie and others, 2013; LeWinter, 2014).

To quantitatively track the evolution of the Overlook 
crater and gain insight regarding the processes that control 
its growth, we conducted several TLS surveys from February 
2012 through December 2013 and supplemented these with 
earlier TLS and airborne lidar datasets. Through competing 
processes of accretion and degradation caused by fluctuations 
in the lava level, outgassing activity from the lake, and 
weakening of the crater wall rock leading to collapse, the 
once nearly circular Overlook crater enlarged from an initial 
diameter of about 35 m in March 2008 to its December 
2013 oblong shape with major and minor axis lengths of 
approximately 212 and 171 m, respectively. Specifically, the 
main topics we address include:

1.	The development of a methodology for multitemporal, 
high-resolution ground-based TLS data acquisition 
and processing in environments where ash, lithic 
particles, steam, and gas emissions have historically 
hampered topographic data-collection efforts.

2.	The use of lidar data to quantify the Overlook crater 
perimeter growth rate. We then compare these results 
with past research concerning the growth of active 
lava lakes and craters.

3.	The development of a methodology to use lidar data 
to quantify volumetric accretion and degradation 
changes between survey dates. This includes a 
discussion about the locations of accretion and 
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degradation within the Overlook crater, whether or 
not accretion deposits persist, and the calculation of a 
volumetric growth rate within the crater.

4.	The relation among lava-level fluctuations, lake surface 
convection regimes, and Overlook crater growth. 
Particularly, does a higher lava level accelerate 
crater wall collapse, as a result of increased contact 
with magma and greater thermal expansion and 
contraction along the crater walls? Do areas of 
upwelling and downflow correspond to unique 
features in the lake shape?

Many studies that employ topographic differencing 
rely on quantifying changes in altitude (z) at each point 
on a horizontal plane (xy). Those methods do not work for 
quantifying the growth of a cylindrical crater where accretion 
and degradation may occur in any horizontal or vertical plane, 
especially where the crater undercuts its rim. Here we used 
a novel “unrolling technique” to map volumetric changes in 
crater shape, applicable to a variety of complex landscape 
evaluation projects for rapid acquisition and processing of 
lidar data where standard differencing fails to capture all 
topographic changes.

Background
Kīlauea is a basaltic volcano, erupting tholeiitic basalt 

with an extrusion temperature of approximately 1,150 to 
1,225 degrees Celsius (°C) (Williams and McBirney, 1979). 
Two rift zones propagate outward from the summit of Kīlauea 
Volcano: the ERZ and the Southwest Rift Zone. Volcanic 
activity has occurred at the summit and along these rift zones 
(Okubo and Martel, 1998). Puʻu ʻŌʻō, a vent along the ERZ, 
was active from 1983 to 2018, producing the most voluminous 
eruption during the past five centuries (Dzurisin and Poland, 
2018). Prior to the summer of 2018, Kīlauea Caldera measured 
about 4 ´ 3 km and contained the about 1-km-diameter 
Halemaʻumaʻu Crater, forming a nested caldera (Williams 
and McBirney, 1979). Within Halemaʻumaʻu Crater was the 
Overlook crater and its active lava lake (Wilson and others, 
2008; Patrick and others, 2018) (fig. 1).

1823–1924 Lava Lake Eruptive Activity
From 1823 until 1924 there was nearly uninterrupted lava 

lake activity within Halemaʻumaʻu Crater (Macdonald, 1955; 
Wright and Klein, 2014). Perret’s (1913a–f) observations 
of the active lava lake in 1911 provide a useful comparison 
to the Overlook crater lava lake. Of note, Perret observed 
both persistent areas of upwelling, where fresh magma rose 
to the lake surface, and an area of downflow, where denser, 
cooled crustal plates sank into the lake as volatiles within the 
magma were outgassed, allowing him to hypothesize on the 
circulatory system within the magma column feeding the lava 
lake (Perret, 1913c). He noted that the lake surface was lower 
at the sites of outgassing, creating a sloped lake surface that 
caused the flow of crustal plates. In addition to the circulatory 

system, Perret (2013c) noticed consistent features along the 
cooled and solidified borders of the lava lake. He described 
“spatter grottoes”—sections of overhanging wall veneer 
bordering the area of downflow, formed by spatter ejection 
from outgassing bursts.

Perret (1913c) also hypothesized on the shape of lava 
lakes and their containing craters as activity fluctuates. He 
suggested that normal conditions on the surface of the lava 
lake, characterized by consistent upwelling, crustal plate 
motion, and downflow, would produce an oblong lake with 
the areas of upwelling and downflow at opposite ends of the 
long axis. Sub-normal activity is defined by slow crustal plate 
movement, accentuating the oblong shape of the lake as the 
surface magma cools and adheres to the walls bordering the 
lake parallel to crustal plate flow. Finally, super-normal activity 
is characterized by faster crustal plate movement, producing a 
more circular lava lake as consolidation of rock along the crater 
walls is impeded and re-melting occurs (Perret, 1913c).

Beginning in February 1924, following increased seismic 
activity at Kīlauea’s summit and along the ERZ, the summit 
lava lake drained out of view, and the floor of Halemaʻumaʻu 
Crater gradually subsided until it was 200 m below the 
Halemaʻumaʻu Crater rim by May 6, 1924 (Decker and Chris-
tiansen, 1984). During this time, parts of the Halemaʻumaʻu 
Crater walls collapsed into the crater, and on May 10, 1924, a 
series of explosions began. Over the next 17 days, hundreds of 
blasts ejected lithic debris from Halemaʻumaʻu Crater ranging 
in size from small ash particles to an 8-ton block (Mastin and 
others, 1999), resulting in one fatality.

2008–2018 Activity
On March 19, 2008, an explosive eruption accompanied 

the opening of a 35-m-wide crater along the southeastern wall 
of Halemaʻumaʻu Crater, following increased seismic activity 
and volatile emissions that began in November 2007 (Wilson 
and others, 2008). The initial Overlook crater vent widened 
over the following years, mainly owing to sporadic collapse 
of its walls, to approximately 172 × 212 m by December 16, 
2013. Lava within the Overlook crater was clearly visible 
beginning on September 5, 2008, followed by a period of 
transient lava lake activity through early 2010 (Patrick and 
others, 2021). Continuous lava lake activity began in February 
2010 and continued through May 2018 (Patrick and others, 
2021). Between February 2010 and December 2013, the 
period of this study, the lava level was as high as 22 m and as 
low as 210 m below the Halemaʻumaʻu Crater floor.

Patrick and others (2019a) suggested that medium- to 
long-term changes (hours to months) in lava levels were 
pressure driven and tied to episodic inflation and deflation 
of the summit region, whereas short-term changes (seconds 
to hours) resulted from outgassing processes near the lake 
surface. Lava rose as pressure in the underlying summit 
magma reservoir increased, and its level fell when reservoir 
pressure decreased, sometimes concurrent with eruptions 
along the ERZ (Patrick and others, 2015, 2019a,b). On 
March 5, 2011, there was rapid reservoir deflation and 
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increased seismic activity observed by summit tiltmeters 
and seismometers (Lundgren and others, 2013; Orr and 
others, 2015; Patrick and others, 2019b). This correlated with 
deflation and collapse of the Puʻu ʻŌʻō crater floor on the 
ERZ. Several hours later, a fissure opened 3 km uprift of Puʻu 
ʻŌʻō and began erupting lava fountains, building multiple 
spatter cones, and feeding lava flows (Orr and others, 2015). 
Simultaneously, the Overlook crater lava level dropped to 
210 m below the floor of Halemaʻumaʻu Crater, as tracked 
by time-lapse cameras focused on the lake. The Kamoamoa 
fissure eruption lasted until March 11, 2011, after which Puʻu 
ʻŌʻō and the Overlook crater gradually began to refill.

Lidar Review
Lidar systems have become the standard for capturing 

high-resolution topography of the Earth’s surface (Glennie and 
others, 2013). Utilizing a laser pulse, point clouds derived from 
millions of individual surface measurements are transposed 
into representative digital surface models. We focus here 
mostly on the use of TLS to capture multitemporal, high-
resolution lidar data and the use of this technique to assess 
changes in the geometry of the lava lake and associated crater.

Lidar systems incorporate the following components: a 
rapid pulse laser source, receivers for measuring backscattered 
radiation, a timing mechanism to precisely capture laser 
signal transmit and return times, and internal processors 
with computing capabilities for calculating range. Lidar 
sensors emit a laser pulse at a known time, then measure the 
backscattered radiation and elapsed time, resulting in a range 
measurement from the laser source to an object (Glennie and 
others, 2013). This is referred to as time-of-flight ranging and 
is described by the time-of-flight equation:

Δt = 2R/c                                       (1)

where
	 Δt	 is time between the laser emission and return 

signal of backscattered radiation, 
	 R	 is range from the laser source and the 

measured object, and 
	 c	 is the speed of light (Glennie and others, 2013).
By precisely measuring Δt, range may be calculated using the 
following equation:

R = (Δt × c)/2                                     (2)

Basic lidar sensors only capture a single distance 
measurement. These systems are improved upon by 
incorporating a rotating or oscillating mirror to deflect the 
laser signal about an axis, creating a two-dimensional (2D) 
measurement plane. For ground-based TLS setups, the 
addition of a precision rotating stage to rotate the sensor about 
a second (vertical) axis results in a three-dimensional (3D) 
scan. By using precision angular encoders that measure both 
the vertical and horizontal angle for an emitted laser pulse, 
each measurement is in 3D space (Fowler and Kadatskiy, 

2011). The resulting point cloud is therefore a collection of 
point measurements with x-, y-, and z-values in a 3D Cartesian 
coordinate system. These values are then projected onto a 
global coordinate system by associating points within the scan 
and scanner setup positions to known control positions.

Full-Waveform Lidar
As the lidar laser beam diverges with distance, the laser 

pulse forms a cone of light, with its source at the scanner, 
that continually expands in diameter with range. If this cone 
of diffraction (Mallet and Bretar, 2009) interacts with an 
object larger than its diameter, then a single energy pulse will 
return to the sensor. As the range increases, so does the cone’s 
diameter, increasing the chance for the cone to interact with 
multiple objects. For example, small objects such as lithic 
and juvenile particles in the Halemaʻumaʻu gas plume will 
interact with a portion of the emitted laser pulse, allowing 
the remaining energy to continue until a particle or object 
larger than the cone reflects the entire remaining pulse. In this 
manner, multiple objects at different ranges from the scanner 
can be measured with a single laser pulse (fig. 2), allowing 
lidar to effectively “see through” the plume. Recording of the 
entire backscattered energy within the cone of diffraction is 
termed full-waveform lidar (Mallet and Bretar, 2009). The 
emitted and returned pulses in full-waveform systems are best 
represented by Gaussian curves, as shown in figure 2 (Wagner 
and others, 2006). Figure 3 illustrates how the Halemaʻumaʻu 
plume hinders visibility but not lidar measurements.

Figure 2

Pit wall

Ash and 
lithic 
debris

Time

Transmitted
pulse

EXPLANATION
Laser scanner Diffraction cone 

Figure 2.  Diagram of a full-waveform lidar setup overlaying a cross-
section view of the Overlook crater. The yellow box represents the laser 
scanner, with a diverging laser pulse in the form of a diffraction cone 
(red). A transmitted pulse is logged with measured amplitude. As the 
beam interacts with the volcanic plume containing gas and ash (green 
box), low amplitude signals are returned to the sensor. A final signal 
measured on the crater wall, or last return, is reflected with higher 
amplitude. The blue pulse is an idealized waveform, not an actual 
waveform from a measured pulse.
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Figure 3.  Sample images of Kīlauea Volcano, taken from the same location and perspective. A, Digital photograph taken with a Nikon D700 
camera, showing the gas plume obstructing visibility into the Overlook crater. B, Image showing point cloud colored by intensity (blue-to-red scale 
shows low-to-high intensity). The crater walls and lava lake are fully imaged using waveform processing.

Various factors contribute to measurement error when 
using lidar scanners, including instrument capabilities and 
calibration, atmospheric interaction, target properties, and 
measurement geometry (Kaasalainen and others, 2011). 
LeWinter (2014) provides a detailed discussion of potential 
lidar errors.

Methodology
We acquired 12 TLS datasets from February 2012 

through December 2013, supplemented with 2 additional 
TLS datasets acquired by the University of Hawaiʻi at Mānoa 
Pacific GPS (Global Positioning System) Facility in 2009 
and 2010, and 1 airborne lidar survey from 2009, providing 
a total of 15 high-resolution datasets to quantitatively track 
the evolution of the Overlook crater. Some of these datasets 
capture the entire Overlook crater, others image only a partial 
Overlook crater perimeter owing to line-of-sight constraints, 
and two (August 8 and 9, 2013) were used only for lava 
level and Overlook crater wall volume calculations. By 
supplementing the TLS data we collected with the lidar data 
collected by other groups, the temporal range of this study 
was increased by more than 2.5 years. Below we provide 
background on the technology used during data acquisition, as 
well as field and data processing methodology.

Equipment and Setup
To quantify changes at the Overlook crater in 2012 and 

2013, we used a RIEGL VZ-1000 1,550-nanometer (nm) 
wavelength laser scanner with maximum accuracy and precision 
of 8 and 5 millimeters (mm), respectively. The laser was 
set to a pulse rate of 70 megahertz (MHz), with an effective 

measurement rate of 29,000 measurements per second. The 
scanner incorporates a rotating mirror and rotating head to 
achieve a 360° horizontal (φ) and 100° vertical (θ) field of 
view. With a beam divergence of 0.3 milliradian (mrad) and a 
maximum range of approximately 1 km, the maximum beam 
footprint at 1 km is 30 centimeters (cm).

The lidar system is a portable unit, capable of being 
transported and operated by a team of two. We used a survey 
tripod to support the scanner and allow positioning of the 
system for optimal viewing angles, with a primary goal 
of providing the maximum line-of-sight coverage of the 
Overlook crater and lava lake. Given that the scanner has a 
100° vertical field of view, and that the floor of Halemaʻumaʻu 
Crater and the Overlook crater are below the overlook 
scanning location (fig. 4), the sensor needed to be tilted 
downward to capture the crater floor and the walls (fig. 5). 
A tilt mount allowed for a 90° tilt of the scanner below 
horizontal to ensure optimal area coverage. We attached a 
real-time kinematic (RTK) receiver (described further below) 
to the top of the setup to obtain precise location measurements 
of the scanner.

The scanner is equipped with an internal inclination 
sensor that actively measures the roll and pitch of the sensor. 
Although the inclination sensor accounts for and corrects any 
difference between the horizontal (xy-plane) and the scanner, 
any tilt of the scanner will be accentuated in the RTK rover 
receiver position, as it is 0.35 m above the scanner origin. 
For example, a tilt of 20° correlates to a horizontal offset of 
0.12 m, which would contribute to a positional error (fig. 5). 
We avoided this error contribution by using an in-scanner 
level to set up the scanner within 0.5° of the horizontal plane, 
minimizing the horizontal offset to 3 mm. We collected RTK 
measurements before tilting the scanner.
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Figure 4
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Figure 4.  Nadir view of a digital elevation model of the Halemaʻumaʻu 
Crater, showing scanner positions, reflector locations, and the real-time 
kinematic (RTK) base rover location at the installed benchmark from the 
January 14 to 15, 2013, surveys. This scan position distribution provides 
full coverage of Halemaʻumaʻu Crater.

RTK Surveys
We used a Trimble R8 RTK system, with a base and rover 

receiver pair to log both scanner position and the position of 
reference reflectors, in combination with the internal inclination 
sensor on the scanner. We deployed two 10-cm cylinder 
reflectors about 20 m away from the scanner in different 
directions to provide control for tying the lidar data to the 
Universal Transverse Mercator (UTM) coordinate system 
(fig. 4). We used two reflectors in case postprocessing revealed 
that the coordinate collection was unsuccessful, or the reflector 
shifted during scanning owing to wind or other external factors.

Static processing was used for all base-station online 
positioning user service (OPUS) solutions. A recalculated, 
higher accuracy benchmark coordinate was output for the base 
station. OPUS solutions are best if they are submitted at least 
14 days after the survey, which allows the most precise orbit to 
be acquired. The overall root-mean-square error value for the 
recalculated base station coordinate on January 15, 2013, was 
1.2 cm. Detailed procedures for registering scans to the UTM 
coordinate system, as well as the full OPUS solution report for 
January 15, 2013, are reported by LeWinter (2014).

We collected 12 TLS datasets from 2012 to 2013, of 
which 3 covered the entire Halemaʻumaʻu Crater and were 
created by merging multiple TLS scans from various positions 
on the Halemaʻumaʻu Crater rim (fig. 4). Seven additional 
datasets were acquired from a single position above the 

Figure 5

0.12 METERS
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Figure 5.  Photographic diagram (side view) of the real-time kinematic 
(RTK) rover receiver mounted to the top of the scanner and camera. 
Any tilt of the scanner during setup results in a horizontal offset of the 
measured coordinate for the scanner’s origin. The right image is an 
example of a setup with a 20° tilt, resulting in a horizontal offset of 
0.12 meters.

Overlook crater. Because part of the Halemaʻumaʻu Crater rim 
obscured part of the Overlook crater from this position, only 
part of the Overlook crater is captured in these datasets. Two 
additional datasets were used only to measure lava levels and 
wall volume changes.

Scanning Procedure for the 2012–2013 RIEGL TLS 
Datasets

High-Resolution Scans
The desired point density of the focus area, whether 

the entire Halemaʻumaʻu Crater or just the Overlook crater, 
required small angular stepwidths to resolve fine surface 
features. A high-resolution scan involved decreasing the 
angular stepwidth, while selecting the start and stop angles for 
both θ and φ. Typical angular stepwidths for high-resolution 
scans range from 0.04° to 0.002°. Proper selection of the 
scan region through the θ and φ start and stop angles allowed 
us to capture the highest resolution dataset possible without 
extraneous data that would needlessly increase file size and 
processing time.
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The scan position located closest to the Overlook crater 
(fig. 4) provided the best viewing angle of the inner crater 
walls and lava lake, but it lacked the line of sight needed to 
capture the entire crater perimeter. To select the smallest scan 
region possible that included all areas of interest, the scanner 
had to be tilted 45° (fig. 5). We acquired 12 high-resolution 
scans of the focus area from this position and used this con-
figuration from 2012 to 2013.

We merged six lidar scans from different positions along 
the rim of Halemaʻumaʻu Crater (fig. 4) to create a single 
lidar dataset of the entire Halemaʻumaʻu Crater on January 
14, 2013, August 6, 2013, and December 16, 2013. Each set 
of these scans includes the entire perimeter of the Overlook 
crater. Since lidar relies on line of sight, obstructions such 
as ledges and scarps within the crater limited the area visible 
from a single scan position. Therefore, multiple scan positions 
were necessary to fully capture the topography of the entire 
Halemaʻumaʻu Crater and the Overlook crater. The National 
Center for Airborne Laser Mapping (NCALM) airborne 
lidar dataset from June 27, 2009, also shows the entire 
Halemaʻumaʻu Crater, giving us high-resolution measurements 
of the full Overlook crater perimeter on four different dates. 
Figure 4 shows the distribution of scan positions, reflector 
locations, and RTK benchmark locations for all our lidar 
scans. LeWinter (2014) provides detailed instructions for 
combining multiple scans of a single area.

Georeferencing
Each TLS scan was tied to a global coordinate system by 

incorporating the RTK position data of the scanner and in-scan 
reflectors. We used “backsighting orientation” to incorporate 
the in-scanner inclination sensor with the external measure-
ments of scanner position and cylinder reflector positions via 
the RTK survey. Backsighting orientation eliminates all six 
degrees of freedom (x, y, z, yaw, pitch, and roll) and places 
the point cloud in its correct global position. By assigning 
the UTM coordinate values to the scanner’s origin, x-, y-, and 
z-coordinates are set. Locating a reflector within the scan pro-
vides a compass orientation to the data, thus properly aligning 
the horizontal position of the scan. LeWinter (2014) provides 
details for accomplishing this task with RIEGL’s RiSCAN 
PRO proprietary software (RIEGL, 2013).

Multiple Survey Registration
A detailed look at the data after georegistration revealed 

that the datasets for different scans were still not properly 
aligned for the topographic differencing needed to address 
our scientific questions. In addition to error introduced 
by the VZ-1000 and the GPS, tectonic plate movement 
contributed to systematic positional offset between surveys. 
The Hawaiian Islands are moving northwest on the Pacific 
Plate at approximately 5 to 10 centimeters per year (cm/yr) 
(Garcia and others, 2006). As the main intention of this study 
is to compare the change over time locally at the Overlook 
crater, tectonic movement and deformation are not of interest 

and were removed from the analysis so that the topographic 
datasets properly overlap.

To that end, we choose a survey tied to the UTM 
coordinate system to which we could align all other lidar 
datasets. Aligning the datasets required identification of static 
features that did not change in their relative positions from 
scan to scan. The chosen survey occurred on February 18, 
2012. LeWinter (2014) provides details of the process used to 
align all scans used in this study for topographic differencing. 
We also needed to align the NCALM airborne data to this 
base scan. Since the NCALM data was already georeferenced, 
it was approximately aligned with our TLS data, but it still 
had positional offsets owing to sensor errors, inflation and 
deflation of the volcano summit, and tectonic plate movement. 
Additional postprocessing described by LeWinter (2014) 
eliminated these errors to allow a focus on local morphometric 
changes. In addition, 2009 and 2010 TLS data from University 
of Hawaiʻi at Mānoa Pacific GPS Facility using the OPTECH 
system were also aligned in the same manner.

Once the lidar datasets were collected, georeferenced, 
and registered to one another by identifying shared static 
points, derivative products were prepared to quantify our 
research questions: the growth of the Overlook crater (as seen 
by both the enlarging of its opening and the increase in volume 
owing to wall collapse) and the relations among the lava level, 
circulatory patterns, and crater growth. Each question required 
different data products.

Normalizing and Reducing Lidar File Size
The 3 merged 2013 scans of the entire Halemaʻumaʻu 

Crater have more than 24 million topographic points each. 
However, not all data are necessary to address our scientific 
questions. The point density across the merged scans is 
variable, decreasing with range from the scanner positions. 
This results in large file sizes and increased processing 
times. To use the data more efficiently, the point density was 
normalized for processing and analysis.

Normalizing point clouds results in a merged point 
cloud that has an even distribution of points (that is, x-, y, 
and z-spacing are uniform) and which best represents the 
original point clouds. Because it diminishes the total number 
of x-, y-, and z-points, it allows for faster processing of large 
topographic datasets. To accomplish this, we applied an octree 
filter to the data (Xu and others, 2015). The octree filter takes 
a user-specified sized 3D cube and represents the original 
points within the cube with a single point. The user-defined 
dimensions of the sampled cube control the details of the 
resulting point cloud. The single point is the center of gravity 
of the average points (fig. 6). As an example, for the January 
14, 2013, survey, there are 24,308,039 points in the original 
merged point cloud. After applying an octree filter with cube 
dimensions of 0.1 ´ 0.1 ´ 0.1 m, the point cloud is reduced 
to 17,962,417 evenly distributed points. The resulting point 
cloud, with points spaced every 10 cm in this case, is called a 
polydata object.



8    Crater Growth and Lava-Lake Dynamics Revealed Through Multitemporal Terrestrial Lidar Scanning

Figure 6
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Figure 6.  Images of full-density lidar point-cloud data compared to normalized data, colored by reflectance. A, A 1-square-meter area imaged 
from the rim of Halemaʻumaʻu Crater, with all point measurements displayed. B, The same area after running a 0.1-meter octree filter. Though 
detail is reduced, file size is also reduced, allowing faster processing for change detection and volume calculations.

Additional Lidar Data
Additional data for this study come from two sources 

and were acquired from 2008 to 2011. First, the University of 
Hawaiʻi at Mānoa Pacific GPS Facility used an OPTECH TLS 
system to acquire scans of Halemaʻumaʻu Crater on June 11, 
2009, and February 19, 2010, and NCALM conducted a wider 
aerial lidar scan of Kīlauea on June 27, 2009, that included 
Halemaʻumaʻu Crater and the Overlook crater. Because of 
the different platforms and sensors, these data have different 
resolutions, precisions, and accuracies but are considered 
high quality and comparable to the data we collected with 
the RIEGL TLS system. When these 3 additional datasets 
are combined with our 12 TLS scans, we have 15 datasets 
to provide quantitative comparisons of the Overlook crater 
geometry over a 5-year period.

Data Products Generated for this Study

Halemaʻumaʻu Crater Data Products
Multiple octree products were produced. The first is a 

10-cm octree of the entire Halemaʻumaʻu Crater, produced for 
the dates when the entire crater was surveyed. This product 
was used to identify static features common to all scans that 
could be used to align scans of different dates for topographic 
differencing.

Overlook Crater Perimeter Data Products
Another set of products was created to address the 

changing Overlook crater perimeter. To isolate the Overlook 
crater points, the area of interest within the lidar data was 
selected by utilizing a 3D spatial boundary in which all points 
encompassed by the Overlook crater border are differentiated 
from all points outside the border. Using this technique, the 
points within the area of interest were saved as a new polydata 
object (fig. 7).

Two additional products for perimeter analysis were then 
created from this octree subset of Overlook crater perimeter 
data: the full Overlook crater perimeter and a partial Overlook 
crater perimeter. Because of line-of-sight limitations from the 
scanning site closest to the Overlook crater, the full Overlook 
crater perimeter was not measurable for seven of our survey 
dates (fig. 8). For the full Overlook crater perimeter, the four 
following surveys were used: the June 2009 NCALM data 
and the January 14, 2013, August 6, 2013, and December 16, 
2013, merged datasets. The full collection of 12 terrestrial 
surveys provided 10 datasets for the partial Overlook crater 
perimeter analysis, and 2 additional datasets for measuring 
lava levels and wall volumes. For the three dates when the 
entire Halemaʻumaʻu Crater was measured with merged TLS 
surveys, only the scanning site nearest the Overlook crater was 
utilized in constructing a partial perimeter.

We analyzed the polydata objects for the four full-
perimeter datasets and selected only points slightly above and 
below the Overlook crater rim to provide us with coverage 
of only the Halemaʻumaʻu Crater floor and Overlook crater 
opening, excluding the lake surface below and airborne 
items (such as ejected lithic clasts and birds) above. The 
Halemaʻumaʻu Crater floor dataset was further reduced by 
removing all points 2 m and farther from the Overlook crater 
opening, allowing us to create a small dataset that traced the 
Overlook crater rim. Point selection was more closely spaced 
in areas with increased fractures, whereas sections with a 
smoother edge required fewer points. Once the entire crater 
rim was defined, the line was closed to create a polygon. 
Figure 9 illustrates the process described above.

Although scanning from multiple positions around 
Halemaʻumaʻu Crater and merging the data into a single 
TLS dataset provided full coverage of the Overlook crater 
perimeter, this was not always possible owing to time 
constraints and weather. On days where occupying multiple 
scan positions was not possible, we focused our efforts on 
scanning from the site closest to the Overlook crater. This 
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Figure 7.  Nadir view images of the lidar point cloud of Halemaʻumaʻu Crater and the Overlook crater from January 14, 2013, colored by 
reflectance and normalized using a 0.1-meter octree filter. A, Halemaʻumaʻu Crater. B, Halemaʻumaʻu Crater with the area of the point cloud in 
parts C and D highlighted in red. C, Overlook crater and lava lake, with the focus area outlined in red. D, Overlook crater and lava lake with the 
focus area highlighted in red.

Figure 8
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Figure 8.  Nadir view images of the lidar point cloud of the Overlook crater from January 14, 2013, colored by reflectance, illustrating the 
selection process for the partial-wall data. Data are lacking on the right (southeastern) side of the crater because there was no line of sight from 
the instrument to this area. A, Area for unrolling outlined in red. B, Points used to create the partial-wall data highlighted in red.
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Figure 9
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Figure 9.  Images of the lidar point cloud of the Overlook crater from August 6, 2013, colored by reflectance, illustrating the selection 
process for the full-perimeter data. A, Points corresponding to the Halemaʻumaʻu Crater floor and the rim of the Overlook crater were 
isolated. B, Points within a few meters of the Overlook crater rim were isolated. C, The resulting point cloud was used for measuring the 
perimeter of the crater.

site provided the most complete partial-perimeter coverage, 
as well as the best line of sight for imaging the Overlook 
crater walls and lava lake. This site was also used for the three 
University of Hawaiʻi at Mānoa Pacific GPS Facility scans 
that have been incorporated into this study. Unfortunately, 
crater geometry prevented the southeastern crater wall from 
being captured during scanning here. To allow for consistent 
comparisons between survey dates, it was necessary to select 
and isolate only the stretch of the Overlook crater perimeter 
that is present in the scans from this position (fig. 8).

Lava Lake Surface Data Products
To quantify lava levels and lake slope calculations and to 

investigate the relation between lake convection and Overlook 
crater degradation over time, we created a polydata object of 
only the lake surface for each survey date. These polydata 
objects were viewed in cross section, and points representing 
just the lava lake were selected. (fig. 10). The data were then 
converted to digital elevation models (DEMs) by connecting 
neighboring points through a triangular object interpolation. 
On some occasions, multiple surveys were run on a single 

Figure 10

Figure 10.  Image of the lidar point cloud from January 14, 2013, 
colored by reflectance, viewed from approximately above the 
Halemaʻumaʻu Overlook, looking down into the Overlook crater. The 
isolated lava lake surface is highlighted in blue.

date. In these cases, lake surface elevation was measured 
at two locations: in the northwestern part of the lake and in 
the southeastern part of the lake (fig. 11). These locations 
correlate with the primary sites of upwelling and crustal plate 
foundering.

Crater Wall Data Products
Assessing the Overlook crater growth rate by measuring 

the perimeter opening along a 2D xy-plane over time is useful 
for estimating enlargement of the crater, but it fails to capture 
either the total 3D volume change within the crater or the 
processes responsible for this growth. It is evident within the 
point cloud that significant overhangs exist on the Overlook 
crater walls that are not evident in nadir views, indicating 
inherently unstable sections and substantial volume loss not 
captured when viewed only from above (fig. 12). Competing 
processes of new rock accretion on the crater walls and 
degradation owing to collapses within the Overlook crater 
can be identified by comparing volumetric measurements of 
the crater walls made from point clouds acquired on different 
dates. Therefore, it is not enough to simply calculate the net 
volume change within the crater between surveys, because this 
approach does not allow for separating areas of accretion from 
areas of degradation. For example, Patrick and others (2018) 
observed accretion of lava veneer on the Overlook crater walls 
near the lava lake surface that was deposited during lava-level 
fluctuations when this part of the crater wall was submerged 
and then further coated by spatter when the lava level was 
lower. Field observations suggest this lava veneer does not 
adhere strongly to the older wall rock, and slabs of material 
often spall off the walls when the lake level drops (Patrick and 
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Figure 11.  Images of the Overlook crater lava lake showing surface dynamics. A, Thermal infrared image taken on August 18, 2013, by the 
permanently installed time-lapse system on the rim of Halemaʻumaʻu Crater. Through review of the time-lapse sequences, a consistent area 
of upwelling magma was identified, marked by the white star. Crustal plates formed on the surface of the lake and flowed outward toward the 
southern edges of the crater, where the plates sank. B, Oblique view, looking northwest, of the lidar point cloud from August 18, 2013, colored 
by reflectance, showing the view into the Overlook crater with the lava lake surface highlighted in red. The yellow star indicates the northwest 
elevation measurement site, and the blue star indicates the southeast elevation measurement site. These two stars are approximately 170 meters 
apart. HST, Hawaii standard time.

Figure 12
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Figure 12.  Images showing isometric view (A) and side view (B) of the lidar point cloud of the Overlook crater from February 28, 2012, colored by 
reflectance. The lava level on this date was the lowest of all terrestrial laser scanning (TLS) survey dates, exposing more crater wall than was seen 
on other dates. The left side of part B (northwestern part of the crater) displays a significant overhanging section, more than 30 meters wide.

others, 2018). However, it is uncertain what happens to the 
wall veneer deposits when the lake level rises and recoats any 
remaining veneer or how long the veneer typically holds to the 
walls before spalling.

A comparison between successive point clouds must be 
performed to quantify areas of volumetric change. Available 
software and procedures for comparing point-cloud data for 
volume measurements require that the data be viewed and 
measured against a single reference plane. Given that the 
Overlook crater is somewhat cylindrical with overhanging 
walls, no single reference plane can be used without inducing 
shadowed sections. Though not an exact comparison, it is 
helpful to think of the issue in relation to line of sight. For 

example, given a static viewing position directly above the 
crater with a nadir view, any area below the overhanging walls 
of the crater will be obstructed from view (fig. 13). In a similar 
fashion, the algorithm used to calculate volume changes 
between two point-cloud surfaces will see this obstruction, 
and, in turn, it will calculate an inaccurate volume. We must 
therefore “unroll” the point cloud to view the data against a 
single reference plane for the entire crater.

Using CloudCompare software (Girardeau-Montaut, 
2011), we selected a coordinate approximately in the center 
of the Overlook crater and used it as the center axis. Any 
points within 100 m of the center axis were then unrolled into 
a single plane. The unrolled point cloud was then rotated 90° 
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Figure 13
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Figure 13.  Images showing the lidar point cloud of the Overlook crater 
from February 28, 2012. Owing to overhanging walls within the Overlook 
crater, much of the interior wall surfaces within the crater are obstructed 
from nadir views. Points visible from above are colored by reflectance; 
points obstructed from view are colored green. A, Nadir view of the 
Overlook crater. Note that no green points are visible. B, Side view of the 
crater looking northeast. C, Oblique view of the Overlook crater from the 
rim of Halema’uma’u Crater.

about the x-axis, so that a nadir view provides the perspective 
of looking directly down at the walls of the crater. This was 
necessary for the volume calculation procedures in RiSCAN 
PRO, as all calculations are made against the horizontal 
xy-plane. The unrolled and rotated point cloud was then 
exported as a new LAS file. For more in-depth details of the 
procedure in CloudCompare, see LeWinter (2014). Figure 14 
tracks the importing, unrolling, and rotating process within 
CloudCompare.

As the lava lake surface does not have a fixed elevation, 
owing to the lake level fluctuations observed, it would not 
be appropriate to include the lake surface and material in 
any measurements of wall volume change. We therefore 
removed the lava lake surface points from each survey date 
(see LeWinter [2014] for details on processing techniques). 
This ensures that only the vertical to subvertical crater walls 
and the Halemaʻumaʻu Crater floor are present in volume 
calculations. With the lava lake surface removed, the point 
cloud was triangulated into a digital elevation model to have 
two continuous surfaces for volumetric differencing.

There are two volume calculation approaches possible: 
using the entire Overlook crater wall from each survey or 
using only the wall section above the highest extent of the 
lava lake surface so that the same area is compared over time. 
For example, the lowest lava level during our surveys was on 
February 28, 2012, at an elevation of 957.55 m above sea level 
(a.s.l.), and the highest measured lava level was on January 
15, 2013, at an elevation of 1,014.64 m a.s.l.—an elevation 
difference of just over 57 m. Since sections of the crater 
wall below 1,014.64 m a.s.l. were not visible within the scan 
data on January 15, 2013, it was not possible to include its 
lower elevations in a volume calculation. For this reason, two 
volume calculations were run: full-wall volume change and 
partial-wall volume change.

For the full-wall volume change calculation, successive 
triangulated point clouds were loaded into a viewport window 
within RiSCAN Pro, along with a planar object oriented in the 
horizontal xy-plane, to be used as a reference. The Calculate 
volume and surface area calculation was then run within 
RiSCAN PRO, using the earlier scan as the “base mesh” and 
the latter scan as the “reference mesh”. The Raster Mesh 
calculation mode was used, which creates triangular volumes 
between the two meshes, and sums the volumes to produce 
a total volume between the meshes. Resulting volumes are 
separated into two categories: Fill volume and Cut volume. 
For this project, the Fill volume represents the volume of 
degradation within the Overlook crater: the volume loss 
between successive surveys. Cut volume represents volumes 
of accretion within the Overlook crater: the volume gain 
between successive surveys. A triangulated mesh for both 
Cut and Fill volumes was produced, visually representing the 
degradation and accretion volumes and their locations along 
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Figure  14
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Figure 14.  Images showing the partial-wall lidar point cloud of the Overlook crater illustrating the unrolling and rotation process using 
CloudCompare software. A, A coordinate approximately in the center of the Overlook crater (red dot) was selected and used as the center axis. 
B, Points within 100 meters of the center axis were unrolled into a single plane. C, The unrolled point-cloud was rotated 90° about the x-axis, so 
that a nadir view provides the perspective of looking directly down at the walls of the crater. The point-cloud was then exported as a LAS file and 
analyzed in RiSCAN PRO.

the Overlook crater walls. See LeWinter (2014) for further 
details regarding the Calculate volume and surface area 
procedure. This was run for each successive survey pair to 
calculate degradation and accretion volumes. By displaying 
these volumes against the backdrop of the Overlook crater 
triangulated meshes, the areas of volume gain and loss can be 
tracked through time.

To run partial-wall volume change measurements, 
we used the unrolled and rotated point clouds described 
previously. Since the lake surface fluctuated between surveys, 
we used the survey date with the highest lava level (January 
15, 2013) to create a coverage that all other partial-wall 
datasets could be clipped to. All points located below the lake 
level were removed from the January 15, 2013, point cloud, 
leaving us with a new coverage of the crater walls that would 
be evident in all other partial-wall datasets. This ensured that 
all of our partial-wall datasets covered the same region of the 
crater walls and were not obscured by lava. Finally, the point 
clouds were triangulated into surface meshes, as was done for 
the full-wall data. This process resulted in triangulated meshes 

from each survey date, representing only the section of the 
exposed Overlook crater walls that could be differenced for 
volume changes.

Results
Overlook Crater Perimeter Measurement and 
Analysis
Full Overlook Crater Perimeter and Area 
Measurement

The full-perimeter lines created for each applicable 
dataset reveal relations between perimeter and time, showing a 
distinct pattern of growth (table 1). Figure 15 displays a nadir 
view of each full-perimeter line plotted on the same grid. The 
perimeter measurements show that significant growth occurred 
in the northwest direction along the eventual long axis of the 
crater, with less growth along the eventual short axis of the 
crater from the northeastern and southwestern crater walls. 
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Table 1.  Overlook crater full-perimeter length and area on survey 
dates that had full coverage of the crater walls.

[Complete around-the-crater surveys. m, meter; m2, square meter]

Survey date Survey name Full perimeter (m) Area (m2)
June 27, 2009 NCALM 2009 399.58 10,889.15
January 14, 2013 130114 597.47 25,841.92
August 6, 2013 130806 616.90 28,148.08
December 16, 2013 131216 627.44 28,553.65

Figure  15
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Figure 15.  Plot of the Overlook crater rim using full-perimeter 
analysis. Perimeter lines are color coded, corresponding to survey 
dates. Note that areas of overlapping lines indicate little to no 
expansion of the crater.

The least amount of growth occurred on the southeastern side, 
which aligned with the steeply sloped walls of Halemaʻumaʻu 
Crater. Field observations, along with careful review of 
thermal time-lapse imagery of the active lava lake, show 
that the predominant upwelling of magma occurred in the 
northwestern part of the crater (Patrick and others, 2016), with 
only short periods of alternate upwelling regimes caused by 
rockfall-triggered degassing events.

Figure 16 shows the perimeter length versus survey date. 
By plotting the full-perimeter measurements against time, it 
is possible to see a linear trend in the perimeter growth, albeit 
a weak one owing to the small number of survey dates and 
the wide temporal spacing between the first survey dates and 
the rest of the scans. Even so, this trend approximates a linear 
growth rate of about 52 meters per year (m/yr). The increase 
in the total area of the Overlook crater with time also follows 
a linear trend strongly controlled by the June 2009 data point, 
with an opening rate of 4,073 square meters per year (m2/yr) 
(fig. 17).
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Figure 16.  Plot of the Overlook crater perimeter length through time 
from the full-perimeter analysis. The large gap in data from June 2009 
to January 2013 results in a tight-fitting linear trend, but the lack of data 
points limits confidence in this trend.
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Figure 17.  Plot of the Overlook crater opening area through time. 
Similar to the perimeter graph, the gap between June 2009 and 
February 2012 strongly influences the trend line, but growth appears 
to be consistent. The linear trendline fit to the opening-area data yields 
a growth rate of approximately 4,073 square meters per year. Volume 
calculations were done using Quick Terrain Modeler software.

Partial Overlook Crater Perimeter and Area 
Measurement

Several additional partial-perimeter lidar measurements 
help constrain the growth during the June 2009 to January 
2012 gap in our full-perimeter data. A partial-perimeter line 
was created for each applicable TLS dataset within the area 
shown in figure 8. Table 2 lists the partial-perimeter lengths 
and areas for each survey date, whereas figure 18 displays a 
nadir view of each perimeter line plotted on the same grid. 
These partial-perimeter measurements have a tighter tempo-
ral spacing than the full-perimeter measurements, therefore 
showing more detail in the growth along the northwestern part 
of the crater. As with the full-perimeter measurements, the 
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partial-perimeter measurements are plotted against the survey 
date to show growth rate of the crater (fig. 19). The data  
suggests a growth rate for the partial perimeter of 47.49 m/yr; 
this value is similar to the approximately 55-m/yr perimeter 
growth rate determined by the full-perimeter analysis. These 
similar values are not surprising, given that the partial- 
perimeter analysis only missed the southeastern part of the 
Overlook crater, where the Halemaʻumaʻu Crater wall was 
preventing significant change.

The slight decrease in partial-perimeter length between 
June 11, 2009, and June 27, 2009, (table 2), a difference of 
3.46 m, can be attributed to the lower point density. Lower 
resolution data collected by NCALM on June 27, 2009, was 
compared to the TLS data collected on June 11, 2009. Visual 
observations of the crater revealed no substantial change in the 
perimeter during this interval.

Table 2.  Overlook crater partial-perimeter length and area for all 
survey dates.

[m, meter; m2, square meter]

Survey date Survey name Partial  
perimeter (m)

Area (m2)

June 11, 2009 20090611 195.01 5,518.46
June 27, 2009 NCALM 2009 199.56 5,566.09
February 19, 2010 100219 242.86 9,016.28
February 28, 2012 120228 346.82 17,058.99
July 10, 2012 120710 348.31 17,082.90
January 14, 2013 130114 370.44 18,873.10
January 15, 2013 130115 370.61 18,909.00
January 16, 2013 130116 391.88 20,125.09
January 17, 2013 130117 394.78 20,583.21
August 5, 2013 130805 396.96 20,850.18
August 6, 2013 130806 397.70 20,942.30
December 16, 2013 131216 398.17 20,999.27
December 17, 2013 131217 400.60 21,058.07

Lava Lake Topography
In addition to the 15 datasets used to study the Overlook 

crater rim and walls described earlier, we also collected 30 
detailed lidar scans of the lava lake surface: 1 in February 
2012, 2 in July 2012, 4 in January 2013, 5 in August 2013, 
and 18 in December 2013 (table 3). We picked a point on the 
northwestern part of the lava lake surface that corresponded 
with the typical site of upwelling, and another at the southeast 
sink (Patrick and others, 2016, 2018, 2019a) that corresponded 
with the typical site of downwelling. These two areas were 
separated by approximately 170 m. By subtracting the 
southeastern lake surface elevation from the northwestern 

Figure  18
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Figure 18.  Plot of the Overlook crater rim using partial-perimeter 
analysis for 7 of the 14 terrestrial laser scanning (TLS) surveys 
compared to the partial perimeter of the same area derived from the 
June 27, 2009, NCALM airborne lidar survey (white). Several surveys 
listed in table 2 are not included in this figure because there was 
insufficient change from a temporally adjacent scan to show growth. 
Perimeter lines are color coded, corresponding to survey dates. Note 
that areas of overlapping lines indicate little to no expansion of the crater.
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Figure 19.  Plot of Overlook crater perimeter length through time from 
the partial-perimeter analysis.

lake surface elevation, we were able to investigate the lava 
lake surface slope. The upwelling site was approximately 0.3 
to 0.5 m higher than the area of downwelling under normal 
convection conditions, with the greatest observed difference 
totaling more than 1 m. Of note was a short period of slope 
reversal on December 17, 2013, between 16:00:21 and 
16:14:39 Hawaii standard time (HST); the lake slope briefly 
switched direction during heavy outgassing and spattering, 
with a new area of downwelling along the west-southwest 
edge of the lava lake, triggered by a rockfall we observed 
visually. As the outgassing and spattering subsided, the 
lake returned to normal activity with the primary area of 
downwelling returning to the southeast sink.
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Table 3.  Lava lake surface elevation measurements for both the northwest and southeast sites. 

[Location of elevation measurement sites shown in figure 11. Elevations are above sea level (a.s.l.). The elevation difference was calculated by subtracting the 
southeast elevation from the northwest elevation. The lake surface is predominantly sloped from northwest to southeast, though short periods of outgassing 
along the west wall reversed this pattern, as highlighted in gray on December 17, 2013. HST, Hawaii standard time; NW, northwest; SE, southeast; m, meter]

Date Time (HST) NW elevation (m) SE elevation (m) Elevation difference (m)

February 28, 2012 11:45:35 957.78 957.55 0.23
July 10, 2012 9:09:03 970.18 969.63 0.55
July 10, 2012 11:27:26 969.33 968.85 0.48
January 14, 2013 12:06:11 1,012.71 1,011.64 1.08
January 15, 2013 9:57:25 1,015.20 1,014.64 0.56
January 16, 2013 10:08:59 1,010.30 1,009.90 0.40
January 17, 2013 9:50:21 1,011.85 1,011.21 0.64
August 5, 2013 16:07:44 994.52 994.25 0.27
August 6, 2013 9:55:32 996.97 996.63 0.34
August 8, 2013 9:46:00 998.63 998.24 0.38
August 8, 2013 12:35:17 1,005.38 1,004.88 0.49
August 9, 2013 13:54:15 1,006.77 1,006.50 0.27
December 16, 2013 11:03:29 998.53 998.12 0.41
December 17, 2013 13:18:09 986.54 986.39 0.15
December 17, 2013 13:30:31 986.65 986.19 0.46
December 17, 2013 13:44:06 986.84 986.76 0.08
December 17, 2013 14:00:32 987.44 987.01 0.43
December 17, 2013 14:15:32 987.41 986.80 0.61
December 17, 2013 14:30:32 987.15 986.95 0.21
December 17, 2013 14:45:32 986.89 986.65 0.24
December 17, 2013 15:00:25 986.48 986.14 0.34
December 17, 2013 15:14:08 985.33 984.99 0.35
December 17, 2013 15:30:24 984.51 984.33 0.18
December 17, 2013 15:45:21 982.91 982.83 0.07
December 17, 2013 16:00:21 980.76 981.21 −0.44
December 17, 2013 16:14:39 977.90 978.38 −0.49
December 17, 2013 16:34:39 978.83 978.48 0.35
December 17, 2013 16:44:39 981.47 981.17 0.30
December 17, 2013 17:00:07 981.86 981.61 0.25
December 17, 2013 17:15:07 981.68 981.40 0.29

  Average 0.32

The slope of the lava lake is apparent in elevation maps 
of the lava lake surface. The surface elevation is calculated 
by breaking the models into 1 × 1-m cells and calculating the 
mean elevation (z-value) for each. This z-value is then used 
to color the cells, relative to the total elevation range within 
the point cloud of the lava lake surface, resulting in elevation 
maps that enable visualization of the lake surface topography. 
Figure 20 shows a selection of elevation maps next to 
corresponding lava level diagrams from July 10, 2012, January 
17, 2013, August 8, 2013, and December 17, 2013.

Comparing the lava level and convection regime to 
the growth of the Overlook crater, a connection between 
asymmetric growth of the crater and the predominant areas 
of upwelling and downwelling is apparent. From the start of 
lidar surveys at the Overlook crater in June 2009, the crater 
enlarged primarily in the northwest-southeast direction, with 
an increase in diameter from 114.05 m on June 27, 2009, to 
212.71 m on December 16, 2013, an expansion in the long 
axis of the crater by 98.66 m. Conversely, in the northeast-
southwest direction, the crater increased from 124.03 m 
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Figure  20
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Figure 20.  Images comparing the lava lake surface and height on four measurement dates. Left (A, C, E, G), Elevation maps colored by 
height, with red showing the maximum elevation, and blue showing minimum elevation on the lake surface. Red elevations are approximately 
0.6 meters higher than the lowest blue areas. The visible length of the lake surface is approximately 170 meters. Right (B, D, F, H), Isometric 
view of the lidar point cloud looking into the Overlook crater, with the lava lake surface isolated. The distance from the Halemaʻumaʻu Crater rim 
to the lava lake surface is shown. HST, Hawaii standard time.
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on June 27, 2009, to 171.68 m on December 16, 2013, an 
expansion in the short axis of the crater by only 47.65 m. 
Therefore, the crater increased in diameter in the northwest-
southeast direction more than twice as much as it did in the 
northeast-southwest direction over this period (fig. 21).

Crater Wall Measurements

Wall Volume Change—Accretion and Degradation in 
the Overlook Crater

Full-Wall Volume Change
Table 4 shows the volume lost (degradation volume) and 

the volume gained (accretion volume) between successive 
scans of the Overlook crater walls, and figure 22 shows areas 
of accretion and degradation between selected scans. Some 
of the successive scans span several months, whereas others 
span a single day. The day-to-day scans show that the crater is 
constantly evolving even on a short time scale.

Based on the visual representation of accretion and 
degradation between individual survey periods, as well as 
the total accretion and degradation over the entire study 

Table 4.  Overlook crater full-wall degradation and accretion volumes 
between successive surveys.

[Date refers to the earlier survey used in the volume calculation, whereas 
reference date is the latter survey. Degradation volume represents the volume 
expansion of the Overlook crater, represented as a negative number. Accretion 
volume is the volume of newly deposited rock and lithic debris within the 
crater. m3, cubic meter]

Date Reference date
Degradation 
volume (m3)

Accretion 
volume (m3)

February 28, 2012 July 10, 2012 −33,233.28 29,132.08
July 10, 2012 January 14, 2013 −89,335.59 870.15
January 14, 2013 January 14, 2013 −1,745.49 1,018.84
January 15, 2013 January 14, 2013 −37,007.67 332.37
January 16, 2013 January 14, 2013 −8,627.09 451.12
January 17, 2013 August 5, 2013 −31,357.08 378.61
August 5, 2013 August 6, 2013 −710.65 244.39
August 6, 2013 August 8, 2013 −633.87 472.69
August 8, 2013 August 9, 2013 −503.99 441.90
August 9, 2013 December 16, 2013 −9,233.21 681.86
December 16, 2013 December 17, 2013 −574.03 818.61
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Figure 21.  Image showing the lidar 
point cloud of the Overlook crater 
from December 16, 2013, colored 
by reflectance. The rim of the crater 
is outlined in red, and the rim of the 
crater on June 27, 2009, is outlined 
in white for comparison. The crater 
expanded in the northwest-southeast 
direction twice as much as in the 
northeast-southwest direction.

Figure 22 (page 19).  Images of surface meshes derived from the partial-wall lidar point-clouds of the Overlook crater wall, colored by reflectance, 
showing the volumes and areas of accretion (left, green) and degradation (right, red) between successive surveys. Some survey periods are not 
displayed owing to minimal volumetric change.
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Figure  22
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Figure 22 (page 19).  Images of surface meshes derived from the partial-wall lidar point-clouds of the Overlook crater wall, colored by reflectance, 
showing the volumes and areas of accretion (left, green) and degradation (right, red) between successive surveys. Some survey periods are not 
displayed owing to minimal volumetric change.
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period (fig. 22), a few patterns are apparent. Degradation was 
widespread throughout the entire crater, whereas accretion 
was confined to areas directly in contact with the lava lake 
surface and to ledges on the Overlook crater wall where lithic 
and juvenile debris accumulated (Patrick and others, 2018). 
We created an aspect map to illustrate this last point. Figure 23 
shows the Overlook crater triangulated mesh from July 10, 
2012, colored by aspect (the weighted average orientation of a 
surface), represented in degrees from north. In the case of the 
unrolled and rotated Overlook crater mesh, north is replaced 
by “up”. Areas of red represent ledge surfaces that face up, and 
which are therefore prime for collecting debris ejected from the 
lava lake. Figure 22 shows the total accretion volume for all 
surveys, with the areas of ledge surfaces shown in figure 23.

Southeastern-Wall Volume Change
To provide insight regarding changes in the crater shape 

near the area of persistent downwelling in the southeast sink 
of the Overlook crater (Patrick and others, 2016, 2018), we 
processed lidar data from January 14, 2013, and December 16, 
2013, the only full-crater surveys that captured the southeast 
sink in its mature form. The southeastern part of the Overlook 
crater was isolated within the point cloud and triangulated 
into a mesh; next, a volume calculation was run between 
the two point clouds, resulting in volumes for degradation 
and accretion. The results are consistent with previous 
measurements, with degradation being dominant. Again, the 
small amount of accretion was likely from lithic and juvenile 
material accumulated on ledges and wall veneer emplaced 
during lava level fluctuations. Most of the degradation on the 
southeastern wall occurred near the southeast sink, where 
outgassing and foundering of crustal plates was most persistent 

(Patrick and others, 2016, 2018). This is consistent with the 
early 20th century observations and interpretations of Perret 
(1913a–f), who suggested that enlargement of an active lava 
lake and crater should occur at the areas of greatest outgassing.

Discussion
Controls on Crater Growth

Previous work sheds light on the relations between lava-
lake dynamics and crater growth. Oppenheimer and others 
(2009) estimated that as the lava lake at Mount Erebus cooled, 
an about 10-mm-thick frothy crust could form after being 
exposed at the surface for about 2 minutes. This cooled crust, 
having lost its volatiles, is therefore denser and flows toward 
the margins of the lake along an observed slope, where it 
sinks into the magma conduit. Perret (1913c) concluded that 
areas of persistent upwelling and downwelling would enhance 
degradation near those sites, perhaps by re-melting the walls 
as material rises and sinks along the crater walls, eventually 
forming an oblong crater. He also proposed that between the 
upwelling and downwelling sites, flow would allow increased 
accretion of cooled magma along the longer sides of the lake, 
creating a more elongate shape. Because the site of persistent 
downwelling aligns with the taller walls where the southeastern 
margin of the Overlook crater meets Halemaʻumaʻu Crater, 
growth to the southeast has been slower than to the northwest. 
However, over a 1-year period, the greatest expansion 
along the portion of the Overlook crater that is aligned with 
Halemaʻumaʻu Crater is indeed nearest the site of persistent 
downwelling. The consistent nature of upwelling observed at 
the Overlook crater lava lake in the northwestern part of the 
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Figure 23.  Images of the partial Overlook crater wall showing accretion. A, All accretion areas from the study aggregated in one view. B, 
Aspect map of the triangulated mesh from July 10, 2012. Areas colored red indicate ledge surfaces where ash and lithic debris may have 
accumulated, accreting material to the crater walls.
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lake, along with the observation of significant growth in that 
direction, is consistent with Perret’s hypothesis.

Linear growth rates for both the full and partial Overlook 
crater perimeter were calculated at approximately 52 and 
47 m/yr, respectively. We were not able to locate perimeter 
growth rates for similar volcanic systems in the literature, so 
we looked to studies of crater degradation in terrestrial and 
planetary settings (for example, Moore and others, 2009) and 
geomorphic studies of cliffs along coastlines (for example, 
Budetta and others, 2000) to investigate what may control 
the approximately linear growth pattern that is evident in 
our observations. Moore and others (2009) found that cliff 
erosion rates in the Sierra Nevada showed no correlation 
with topographic variables such as aspect, cliff slope angle, 
elevation, or length but showed a strong dependence on rock 
mass strength, similar to that found for coastline retreat rates 
(Budetta and others, 2000). This explanation may be applicable 
to the Overlook crater, where the crater exists within a stack 
of basaltic flows of similar chemical and physical character 
on the Halemaʻumaʻu Crater floor, with lava-lake dynamics 
providing the force for degradation. Therefore, we suggest that 
the Overlook crater shape is controlled by persistent areas of 
upwelling and downwelling, and the rate of crater perimeter 
growth is controlled by fairly uniform rock strength.

Rockfall Mechanism of Crater Growth
Partial-perimeter measurements and thermal time-lapse 

imagery captured by HVO provide, respectively, tighter 
temporal spacing and a record of rim collapse events that 
reveal a general pattern of Overlook crater growth. A Mikron 
Infrared (IR) M7500 thermal camera was installed on the 
rim of Halemaʻumaʻu Crater in October 2010, and its lens 
was upgraded to one with a 53° horizontal field of view in 
February 2011 (Patrick and others, 2014); the camera has 
an image size of 320 × 240 pixels and an IR range of 8 to 
14 micrometers, with images being framed on the Overlook 
crater lava lake. At 200 m, a single pixel represents 62 cm 
(Patrick and others, 2014). At this resolution, changes within 
the crater of less than approximately 1 m are indistinguishable. 
Hourly images were extracted and compiled into time-lapse 
video sequences that covered January 1, 2012, to December 
31, 2013, spanning the entire TLS data collection effort for the 
survey. In reviewing these videos, 16 collapse events affecting 
the Overlook crater perimeter were identified, along with 1 
explosive event and the collapse of a shelf within the crater 
(table 5). Figure 24 shows a series of images taken by the 
thermal camera from January 15 to 16, 2013, that spans three 
collapse events.

Table 5.  Record of rockfall events within the Overlook crater.

[Events were observed in thermal time-lapse imagery collected by the Hawaiian Volcano Observatory between January 1, 2012, and December 31, 2013. Event 
description is a brief detail of the specific event within the crater; date and time indicate the beginning and end frames when the event occurred. HST, Hawaii 
standard time]

Date and time (HST) Event description

02-02-2012 21:30:01 to 02-02-2012 23:30:00 Explosion within crater from lava lake

02-02-2012 23:30:00 to 02-03-2012 00:30:01 Large collapse on northeastern wall and rim

- No significant rim growth, small rockfall below rim

- Minor collapses below rim of crater, no significant perimeter growth

05-03-2012 18:30:00 to 05-03-2012 19:30:01 Medium collapse on northwest wall below perimeter

- Minor collapses below rim of crater, no significant perimeter growth

10-06-2012 23:29:58 to 10-07-2012 00:29:59 Small to medium collapse on northwest wall below perimeter

10-21-2012 11:29:58 to 10-21-2012 12:29:58 Small rim collapse on northern rim

10-21-2012 19:29:58 to 10-21-2012 20:29:58 Large rim collapse on northwestern rim

10-25-2012 01:29:58 to 10-25-2012 02:29:58 Large rim collapse on northern rim

10-25-2012 21:29:58 to 10-25-2012 22:29:58 Very small rim collapse on northwestern rim

10-26-2012 07:29:58 to 10-26-2012 08:29:58 Large rim collapse on north-northeastern rim

- No significant rim growth, small rockfall below rim

11-07-2012 16:29:58 to 11-07-2012 17:29:58 Very small rim collapse on northern rim

12-24-2012 23:30:02 to 12-25-2012 00:29:57 Large collapse on southwestern rim

12-25-2012 00:29:57 to 12-25-2012 01:30:02 Small-medium collapse on west-southwestern rim

01-15-2013 17:30:02 to 01-15-2013 18:30:02 Medium-large rim collapse on northwestern rim



22    Crater Growth and Lava-Lake Dynamics Revealed Through Multitemporal Terrestrial Lidar Scanning

Table 5.—Continued

Date and time (HST) Event description

01-15-2013 18:30:02 to 01-15-2013 19:30:02 Very large rim collapse on northwestern rim, same area as previous 
collapse

01-16-2013 16:30:02 to 01-16-2013 17:30:02 Very large rim collapse on northern rim, east from previous collapse

01-22-2013 11:30:01 to 01-22-2013 12:30:00 Medium collapse on northwestern rim

- No significant rim growth, small rockfall below rim

06-07-2013 03:30:00 to 06-07-2013 04:29:59 Medium collapse on northern rim

07-25-2013 20:30:02 to 07-25-2013 21:30:02 Large collapse of bench within crater on southeastern side

07-26-2013 02:29:58 to 07-26-2013 03:29:57 Continued collapse of bench within crater

07-26-2013 05:30:02 to 07-26-2013 06:30:02 Continued collapse of bench within crater

08-18-2013 01:29:59 to 08-18-2013 02:29:59 Small rim collapse on northern rim

09-07-2013 21:30:00 to 09-07-2013 22:30:01 Small rim collapse on northeastern rim

- No significant rim growth, small rockfall below rim

Figure  24
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Figure 24.  Series of thermal images during three consecutive Overlook crater rim collapse events from January 15 to 16, 2013. A, January 
15, 2013, at 17:30:02 Hawaii standard time (HST), with the Overlook crater rim outlined in yellow. B, Image captured 1 hour after image in part 
A, with the change to the rim outlined in white. C, Image captured 1 hour after image in part B, with the change to the rim outlined in green. D, 
Image captured on January 16, 2013, with the change to the rim outlined in blue.
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Table 6 shows that a relatively small number of collapse 
events accounted for most of the enlargement of the Overlook 
crater (table 6). If continued growth of the crater followed the 
linear trend observed (the perimeter of the crater growing at 
an approximate rate of 52 m/yr), then the area of the opening 
would increase at an approximate rate of 4,073 m2/yr.

Table 6.  Number of collapse events and the increase in area of the 
Overlook crater opening in periods between terrestrial laser scanning 
(TLS) surveys.

[m2, square meters]

Observation period
Area increase 

(m2)
Collapse 

events

February 28, 2012–January 14, 2013 1,814.10 9
January 14, 2013–January 16, 2013 1,251.00 2
January 16, 2013–January 17, 2013 458.18 1
January 17, 2013–August 6, 2013 341.09 2
August 6, 2014–December 16, 2013 74.96 2

Lava Lake Slope and Structure
As evident from observations of thermal time-lapse 

imagery captured at the Overlook crater (Patrick and others, 
2014), along with repeat TLS lidar data, lava level within 
the Overlook crater fluctuated nearly 200 m over the period 
of study. In addition, a persistent area of upwelling magma 
was evident in the northwestern part of the crater throughout 
most of the thermal time-lapse record (fig. 11) (Patrick and 
others, 2016). The lava-level fluctuations and the consistent 
magmatic upwelling area in the northwest present several 
questions regarding the morphometric changes within the 
crater. Did the sites of upwelling and subsequent sinking 
of crustal plates on the lake surface correlate with the lake 
surface slope? Did these sites correspond with areas of 
degradation along the crater walls? Were the lava-level 
fluctuations connected to periods of high degradation? 
Observations and analysis of the thermal time-lapse imagery 
and lidar data for the lava lake surface help to answer these 
questions. By analyzing the point measurements returned 
off the surface of the lava lake, a consistent northwest-to-
southeast slope was observed. Direct visual observations 
determined that the sites of upwelling (northwestern part of 
the lake) and downwelling (southeastern part of the lake) and 
the direction of crustal plate flow (northwest to southeast, 
generally) correlate with the measured slope. The lake surface 
bulged where the magma rose to the surface and its density 
was lowest, then as the crust cooled it flowed toward the 
area of outgassing and downflow. Short-duration outgassing 
in areas other than the southeastern part of the lake was 
triggered by rockfall, which disturbed the crustal surface, and 
may have altered this flow regime temporarily. Considering 
the measurements of the crater perimeter expansion and 
observations of lake convection, a pattern of maximum 
growth in areas of upwelling and downflow was identified.

Volumetric Change of the Crater Walls
Areas of volumetric change within the Overlook crater 

owing to accretion and degradation were identified and 
quantified between subsequent lidar surveys. Using the upper 
30 m of the crater and excluding the southeastern wall (owing 
to inconsistent lidar coverage), corresponding to the wall 
surfaces above the lava lake that were captured in all TLS 
surveys, an average volumetric growth rate of 264.21 cubic 
meters per day was calculated. Degradation within the crater, 
mainly owing to rockfalls, was the predominant driver of 
volumetric change, with minimal accretionary contributions 
by the accumulation of spatter and lithic debris. Areas of 
accretion near the lava lake surface, caused by the adherence 
of spatter, only survive for hours to days. The bond between 
the preexisting rock of the crater wall and the veneer from 
spattering lava is weak, and the wall veneer spalls off shortly 
after the lake level drops and spattering ceases.

Summary
We used 4 lidar scans of the full Overlook crater peri-

meter, combined with 13 scans of the partial perimeter, to 
measure linear growth rates of approximately 52 and 47 m/yr, 
respectively, from 2009 to 2013. In addition, the Overlook  
crater grew from an approximately circular crater in 2009 
to an oblong crater over this same period, with most growth 
occurring along a line between areas of persistent upwelling  
and downwelling. We suggest that the development of an 
oblong crater with a perimeter that grows linearly is best 
explained by a model where degradation is favored at the 
sites of persistent upwelling and downwelling, similar to that 
proposed by Perret (1913c), with linear growth enabled by a 
lithology that varies little with respect to rock strength.

Although the crater growth rates are generally linear 
over the approximately 5-year period of study, we found 
that most of the Overlook crater growth occurred during a 
relatively small number of significant rockfall events (~16) 
over this period. Therefore, Overlook crater growth was best 
characterized by relatively long periods of insignificant growth 
interspersed with short rockfall events and associated crater 
enlargement.

Thirty terrestrial laser scanner datasets reveal that the 
lava lake had a significant slope that descended an average 
of about 30 cm across a horizontal distance of 150 to 200 m 
between the sites of dominant upwelling to downwelling. 
The slope of the lake and direction of crustal plate movement 
varied, especially when rockfalls disturbed the typical 
convection regime. However, these changes in slope and 
direction were typically of short duration (a few minutes to 
tens of minutes).

We calculated an average volumetric growth rate 
of 264.21 cubic meters per day for the upper 30 m of the 
Overlook crater wall during our study. Degradation from 
rockfalls within the crater was the primary cause of the 
volumetric change, with the collection of spatter and lithic 
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debris accounting for only a minimal amount of accretion. 
Areas of spatter on the walls near lake surface level typically 
peeled away and fell back into the lake within hours to days.

We describe lidar data collection methodologies, 
workflows, and data products that may be applicable to 
other volcanologic studies. In particular, we applied a novel 
“unrolling technique” that allowed us to quantify changes 
in crater morphology that may be missed with standard 
topographic-differencing techniques.

High-precision lidar offers several significant advantages 
over structure-from-motion and other photogrammetric 
approaches for obtaining high-resolution topography in active 
volcanic settings. It is not sensitive to distortions caused 
by the intense heat shimmer that typically occurs in these 
field settings, and it can penetrate through the gas that often 
obscures volcanic surfaces. Although we obtained scans only 
during daylight hours, lidar also has the capability of working 
at night if finer temporal spacing of datasets is needed.
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