This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Insights into pāhoehoe lava emplacement using
visible and thermal structure‑from‑motion
photogrammetry
Biass, Sébastien; Orr, Tim R.; Houghton, Bruce F.; Patrick, Mathew R.; James, Mike R.;
Turner, Nicolas
2019
Biass, S., Orr, T. R., Houghton, B. F., Patrick, M. R., James, M. R., & Turner, N. (2019). Insights
into pahoehoe lava emplacement using visible and thermal structure‑from‑motion
photogrammetry. Journal of Geophysical Research: Solid Earth, 124(6), 5678‑5695.
doi:10.1029/2019jb017444

https://hdl.handle.net/10356/143383
https://doi.org/10.1029/2019JB017444

© 2019 American Geophysical Union. All rights reserved. This paper was published in
Journal of Geophysical Research: Solid Earth and is made available with permission of
American Geophysical Union.
Downloaded on 10 Jan 2023 04:58:07 SGT

RESEARCH ARTICLE
10.1029/2019JB017444
Key Points:
• We document the ﬁrst 3 months of a
pāhoehoe ﬂow, from its initial
crust‐free channel into a compound
ﬁeld fed by a tube system
• Visible and thermal aerial images
describe the evolution of the
morphology and surface
temperature of the ﬂow at various
dates
• Results capture the relationship
with topography and the
partitioning of lava between the ﬂow
front, lateral breakouts, and ﬂow
inﬂation

Correspondence to:
S. Biass,
sbiasse@ntu.edu.sg

Citation:
Biass, S., Orr, T. R., Houghton, B. F.,
Patrick, M. R., James, M. R., & Turner,
N. (2019). Insights into pāhoehoe lava
emplacement using visible and thermal
structure‐from‐motion
photogrammetry. Journal of
Geophysical Research: Solid Earth, 124,
5678–5695. https://doi.org/10.1029/
2019JB017444
Received 25 JAN 2019
Accepted 23 MAY 2019
Accepted article online 31 MAY 2019
Published online 29 JUN 2019

©2019. American Geophysical Union.
All Rights Reserved.

BIASS ET AL.

Insights Into Pāhoehoe Lava Emplacement Using Visible
and Thermal Structure‐From‐Motion Photogrammetry
Sébastien Biass1,2 , Tim R. Orr3,4 , Bruce F. Houghton1
Mike R. James5 , and Nicolas Turner1

, Mathew R. Patrick3,

1

Geology and Geophysics, University of Hawai'i at Mānoa, Honolulu, HI, USA, 2Earth Observatory of Singapore, Nanyang
Technological University, Singapore, 3U.S. Geological Survey, Hawaiian Volcano Observatory, Hawaii National Park, HI,
USA, 4U.S. Geological Survey, Alaska Volcano Observatory, Anchorage, AK, USA, 5Lancaster Environment Centre,
Lancaster University, Lancaster, UK

Abstract We present the evolution over 3 months of a 2016–2017 pāhoehoe ﬂow at Kīlauea as it changed
from a narrow sheet ﬂow into a compound lava ﬁeld fed by a stable system of tubes. The portion of the ﬂow
located on Kīlauea's coastal plain was characterized using helicopter‐based visible and thermal
structure‐from‐motion photogrammetry to construct a series of georeferenced digital surface models and
thermal maps on eight different days. Results reveal key inﬂuences on the emplacement and evolution of
such long‐lived pāhoehoe ﬂows. This region of the ﬂow grew by ~12 × 106 m3 with a near‐constant
time‐average discharge rate of 1.2–2.7 m3/s. The development of two tube systems is captured and shows an
initial nascent tube enhanced by a narrow topographic conﬁnement, which later inﬂated and created a
topographic inversion that modulated the emplacement of a second ﬂow lobe with its own tube system. The
analysis of breakouts at various stages of the ﬁeld's life suggests that the evolution of the thermal and
morphological properties of the ﬂow surface reﬂect its maturity. Thermal properties of breakouts were used
to expand the empirical relationship of breakout cooling to longer timescales. This study contributes to
the long‐term development and validation of more accurate predictive models for pāhoehoe, required during
the management of long‐lasting lava ﬂow crises in Hawai'i and elsewhere.

1. Introduction
Pāhoehoe lava ﬂows are the most abundant type of subaerial lava on the Earth's surface. They often form
extensive, compound ﬂow ﬁelds fed by complex, interconnected tube pathways formed during endogenous
thickening via ﬂow inﬂation (Macdonald, 1953; Walker, 1991; Wentworth & Macdonald, 1953). Seminal
studies such as Hon et al. (1994), Kauahikaua et al. (1998), and Self et al. (1998) have demonstrated that
pāhoehoe growth is a complex balance between ﬂow front advance, lateral breakouts behind the front,
and vertical inﬂation of the ﬂow. As the ﬂow inﬂates, a crust develops and insulates the ﬂow, which
progressively evolves into a molten core of interconnected pathways (Anderson et al., 1999, 2005, 2012;
Hoblitt et al., 2012; Orr et al., 2015; Schaefer & Kattenhorn, 2004). For this reason, pāhoehoe behavior is
notoriously difﬁcult to anticipate and forecast, especially when activity is widespread and focused within
concealed, branching tube systems (Walker, 1973). The location and dimensions of these tube pathways
are controlled by complex and often local factors including topographic gradient, lava rheology, variations
in supply rate (either at source or locally due to short‐lived tube blockages), and the geometry of the feeder
tubes themselves (Poland et al., 2016). These complex controls limit the development of accurate physical
predictive models of pāhoehoe lava ﬂows, the absence of which complicates hazard assessment and crisis
management of long‐lasting lava crises.
Over the past two decades, photogrammetry has been used in conjunction with other high‐resolution
imaging techniques to characterize the evolution of lava ﬂows in four dimensions. Measurement techniques
include stereo‐imaging (James et al., 2007, 2010; James & Robson, 2014) and structure‐from‐motion (SfM)
photogrammetry from both manned and unmanned aerial vehicles (Farquharson et al., 2015; Favalli
et al., 2018; Turner, Houghton, et al., 2017; Turner, Perroy, et al., 2017) using a range of different sensors.
Optical and light detection and ranging (lidar) sensors allow construction of high‐resolution surface models
to analyze the evolution of morphological parameters that capture the dynamics of ﬂow emplacement
(Behncke et al., 2016; Favalli et al., 2010; James et al., 2009; Kolzenburg et al., 2016). Thermal mapping
provides insight on the emplacement of new lava by showing its partitioning between various sectors of
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the ﬂow ﬁeld and help with inferring a cooling history (Harris et al., 2007; James et al., 2007; Patrick et al.,
2017; Tarquini & Coppola, 2018). These methods are usually applied separately, mostly on active 'a'ā and
open‐channel ﬂows and rarely at the scale of an entire ﬂow. A recent study by Tarquini and Coppola
(2018) demonstrated the range of insights that the combination of thermal and morphological characterizations could provide on a 2001 channelized 'a'ā ﬂow of Etna (Italy). However, a similar approach applied to
long‐lived compound pāhoehoe ﬂows has never been attempted.
Lava ﬂows from the East Rift Zone of Kīlauea volcano have repeatedly impacted communities on the Island
of Hawai'i, destroying 215 structures between 1983 and 2015 and 716 dwellings during the 2018 eruption
only (Hawaiian Volcano Observatory, 2018; Poland et al., 2016). The assessment of the likely path and timing of inundation of pāhoehoe ﬂows is a key challenge for hazard assessment and crisis management, but the
complex interactions of physical and environmental parameters controlling the emplacement of pāhoehoe
ﬂows prevents the development of accurate numerical models. As a basis for interacting with stakeholders
during crises, the HVO uses the “path of steepest descent” method to create various scenarios for ﬂow
advance (Kauahikaua et al., 2017). Although this method has been used with success during various crises
(Poland et al., 2016; Patrick et al., 2017; Turner, Perroy, et al., 2017), new techniques of in situ measurement
of the critical parameters controlling the emplacement of pāhoehoe must be developed to complement
detailed but scarce ﬁeld measurements (e.g., Chevrel et al., 2018) and inform complex and accurate predictive physical models (e.g., Kolzenburg et al., 2017).
We present here a reconstruction of the morphological and thermal evolution of a portion of a lava ﬂow
erupted from the Pu'u 'Ō'ō vent on the East Rift Zone during 2016 and informally called the “episode 61g”
ﬂow (Orr et al., 2017; Patrick et al., 2019). Emplacement of the ﬂow was captured from repeated helicopter
ﬂights over a period of over 2 months. Topographic models and orthomosaic images were constructed from
both visible and thermal images using SfM photogrammetry. Combining visible and thermal sensors sheds
light on the emplacement dynamics of a compound pāhoehoe ﬂow as it evolved from a narrow ﬂow dominated by a crust‐free lava channel to a broad, stable, thermally insulated tube‐fed ﬂow. This combined
approach captures well the relationship between the preﬂow topography and the thermal and morphological evolution of the ﬂow. Results illustrate how the topographic changes induced by initial phases of the ﬂow
modulate the emplacement of later phases and capture the formation of a stable tube system through time.
We ﬁrst characterize the emplacement of the ﬂow through time based on the thermal and morphological
parameters, which are then used to discuss (i) the interaction of pāhoehoe ﬂows with the underlying topography, (ii) the thermal and morphological evolution of breakouts through time, (iii) the empirical cooling
trends of surface breakouts, and (iv) the strengths and limitations of the path of steepest descent method for
forecasting ﬂow advance.

2. Case Study: The 2016 Episode 61g Lava
Kīlauea's 35‐year‐long Pu'u 'Ō'ō eruption, which began in January 1983, was characterized much of the time
by lava ﬂows that traveled toward the south coast of the Island of Hawai'i (e.g., Heliker et al., 2003; Orr et al.,
2015). The episode 61g ﬂow followed this pattern. It began erupting on 24 May 2016, on the east ﬂank of Pu'u
'Ō'ō at an elevation of 790 m. A second ﬂow, episode 61f, started erupting almost simultaneously from the
north ﬂank of Pu'u 'Ō'ō, but it stalled and became inactive by 8 June, some 2 km from source.
Initially, the episode 61g ﬂow advanced southeastward at a rate of a few hundred meters per day (Figure 1).
By 8 June, the episode 61g ﬂow had captured all of the lava supply from Pu'u 'Ō'ō, and a compound pāhoehoe
ﬂow began to develop. When the ﬂow reached the top of the steep escarpment on the south ﬂank of Kīlauea
known as the Pūlama pali on 28 June, it transitioned to an 'a'ā morphology. The Pūlama pali will hereafter be
referred to as simply the pali. The channelized 'a'ā ﬂow reached the base of the pali on 30 June, and a new
compound pāhoehoe ﬂow began to develop on the coastal plain. This section of the ﬂow initially advanced
quickly as a narrow sheet ﬂow at advance rates of up to 600 m/day, but it had slowed dramatically by 5 July
and stalled in mid‐July as lateral breakouts behind the ﬂow front became active and the ﬂow began to widen
(Figure 1). This initial ﬂow front was overtaken by lateral breakouts during the third week of July, and the
new ﬂow front crossed the coastal road on 25 July, entering the ocean on 26 July and forming a lava delta
(the Kamokuna ocean entry; Figure 1). Subsequent breakouts continued to widen the ﬂow ﬁeld and created
BIASS ET AL.
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Figure 1. Maps of the study area. The inset map shows the outline of the 61g ﬂow on 19 August 2016, extending from Pu'u
'Ō'ō (red triangle), across the south ﬂank of Kīlauea and down the Pūlama pali (1) and across the coastal plain to the
Kamokuna ocean entry (2). The red rectangle delimitates the extent of the main map. The main map shows ﬂow outlines
(Orr et al., 2017) on the coastal plain for all dates, ground control points (GCPs; circles with black borders), and manual
GCP (i.e., natural features manually identiﬁed in multiple data sets and used as GCPs; circles with white borders). The
colors of the GCPs correspond to the ﬂow date(s) for which they were used. Black lines show the location of proﬁles used
throughout the text.

a second ocean entry point and delta on 9 August. The ﬁnal ﬂow length from the vent to the ocean entry is
about 11 km.

3. Methods
3.1. Data Acquisition
Data sets were acquired during eight helicopter overﬂights between 18 June and 19 August 2016. Note that
(i) the data sets are identiﬁed hereafter using their acquisition date expressed as mm/dd, and, unless speciﬁed, all refer to the year 2016; and (ii) the 08/19 data set was acquired once the ﬂow had already entered the
ocean and no longer reﬂects the same emplacement regime compared to earlier dates. The primary objective
of the overﬂights was the mapping and monitoring of the ﬂow to inform stakeholders and the public.
Consequently, ﬂight plans were not explicitly designed for photogrammetric work, and image acquisition
was generally opportunistic, although we beneﬁted from experience gained during previous missions,
including the use of a custom camera mount for nadir image acquisition. Visible and thermal data sets were
simultaneously collected at altitudes of 200–600 m with a high variability in overlap and resolution due to
sudden unanticipated changes in bearing and altitude.
Visible images were captured using both oblique and nadir approaches. For the former, pictures were taken
manually from within the helicopter while attempting to optimize the overlap between successive shots and
orienting the camera as steeply downward as possible. These images were acquired at high (>12 MP) resolution and with a maximum focal length of 35 mm using several cameras (Canon EOS 50D and 60D, and
Nikon D3300 and D7000). The reason for this camera variability was the rapidly scheduled context of the
ﬂights, which involved different science personnel, each using their own camera. For the nadir approach,
a Canon EOS 50D was attached to the helicopter footstep using a custom mount. The camera shutter was
triggered by a programmable intervalometer set at a frequency of either 0.5 or 1 Hz. The acquisition rate
was set before takeoff and remained constant during the mission. The camera was not in an enclosure, so
it could not be used during poor weather.
Thermal images were acquired obliquely at 1 Hz using a handheld FLIR Systems SC620 camera with a 45°
horizontal ﬁeld of view and a resolution of 640 × 480 pixels. The medium gain setting was used, which allows
BIASS ET AL.
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measurements from 0 to 550 °C (Patrick et al., 2017). Atmospheric attenuation was corrected following
Patrick et al. (2017) using the FLIR ThermaCam Researcher software. By systematically assessing the sensitivity of the computed temperatures to external conditions (e.g., the ambient temperature and humidity, the
acquisition distance, and the emissivity value), Patrick et al. (2017) estimated a total uncertainty of about 6%
on the ﬁnal values. The reader is referred to the supporting information of Patrick et al. (2017) for further
details on the method.
3.2. Ground Control Points
Thirty ground control points (GCPs) were set in the study area as the ﬂow developed (Figure 1). GCPs consisted of 1 × 1 m crosses of reﬂective material nailed to topographic high points on preexisting lava surfaces.
The location of the center of the cross was measured with a Leica System 500 kinematic GPS. Based on previous experience at HVO, this kinematic GPS provides a horizontal and vertical repeatability of 10–20 cm.
Although we generally attempted to deploy GCPs the day before ﬂights, this was not always possible. On
early dates, GCPs were deployed as the ﬂow advanced and there is a relatively low coverage on the coastal
plain. On later dates, more GCPs were deployed on the coastal plain, but an increasing number of GCPs
became overrun as the ﬂow developed. GCPs were mostly located close to the ﬂow edges, which are typically
characterized by a lower point density in oblique‐derived data sets. As a result, no single GCP is present
across all dates, and data sets are variably well constrained (see section 5.1).
3.3. Processing of Visible Images
Images were processed at their full resolutions using Pix4D Mapper 3.2.14, and the resulting point clouds
were georeferenced using the GCPs in a WGS84 UTM 5N coordinate system. Because of the inconsistent
GCP distributions between data sets, and to improve the coregistration of all data sets, natural features were
manually identiﬁed in the 07/05 and 07/15 surveys, and their photogrammetrically derived coordinates were
used as GCPs for georeferencing other data sets (manual GCP; Figure 2). Point clouds were densiﬁed by
dense image matching within Pix4D Mapper and manually cleaned using CloudCompare to remove noise.
Point clouds were then imported in Matlab to clip their extent to an area between the pali and the ocean
entry (easting min/max: 284270/285950; northing min/max: 2137000/2140750) and to estimate an optimal
grid resolution. Data sets were then imported in ENVI and interpolated to digital surface models (DSMs).
Since the area is mostly free of vegetation, no ﬁltering was performed and these DSMs are equivalent to digital elevation models (DEMs).
3.3.1. Precision Analyses
Because of limitations introduced by the number and distribution of GCPs, our main concern here is to
quantify the relative precision of the coregistration of the data sets, rather than the absolute overall georeferencing accuracy. Three approaches were used to quantify this precision. First, Pix4D Mapper provides an
estimate of the georeferencing error from the differences between measured GCPs and coordinates estimated from photogrammetry. Because of the limited number of GCPs, none were used as check points.
Second, the technique of James et al. (2017) estimates a 3D precision for all sparse points and gives insight
into the spatial variability of precision across surveys. For this, Pix4D Mapper projects were imported into
Agisoft Photoscan Pro v1.2.6. Some 2,000 iterations of the Monte Carlo routines of James et al. (2017) were
performed for each data set, and Z‐precision maps were generated by averaging the elevation precision
values for all points within a given cell size. Finally, the vertical coregistration error was estimated using
the mean and the standard deviation of elevation differences between the DSM at a given date and the preﬂow topography within a control area. The control area is a region in which elevation should not have changed (i.e., no lava inundation) and was deﬁned as a 50‐m buffer around the ﬂow at a given date. Following
Favalli et al. (2010), the error on volume change was estimated using minimum (equation (1)) and maximum
(equation (2)) errors:
σ Δz
Err V ;low ¼ A pﬃﬃﬃﬃ ;
N

(1)

Err V ;high ¼ Aσ Δz ;

(2)

where A is the area of volume change, σΔz is the standard deviation of height variations, and N is the number
of grid cells affected by volume change. These equations assume a constant error across the lateral extension
of the ﬂow and equally propagate the error σΔz assessed at the ﬂow edges over the entire data set. In our case,
BIASS ET AL.
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Figure 2. Evolution of the properties of the 61g ﬂow through time. Values are given by the left y‐axes (solid black lines
with crosses), with their associated rates on the right y‐axis (dashed blue lines with dots). (a) The length of the ﬂow on
08/19 is a maximum length representing the distance to the ocean entry. (d) The error bars show the volume error
estimated from equation (2). Note that the time‐averaged discharge rate (TADR) on 08/19 does not account for the
submarine part of the ﬂow. (e) Aspect ratio is deﬁned as the ratio between ﬂow length and ﬂow width. (f) Kīlauea summit
tilt (left) and SO2 ﬂux (right) data are from the monitoring array of the Hawaiian Volcano Observatory. Shaded areas
highlight deﬂation‐inﬂation events that coincide with dates at which topographic and thermal data sets are available.

the various limitations of the method applied to the episode 61g data set (e.g., dominance of oblique SfM and
variable acquisition altitudes) induce a poorer sampling density at the ﬂow edges compared to the center. We
therefore assume that equation (2) represents a maximum error.
3.4. Processing of Thermal Images
Thermal maps are routinely produced by HVO as part of the monitoring effort following the methodology of
Patrick et al. (2015, 2017). Thermal images were processed using Agisoft PhotoScan Pro to construct mosaics
covering the ﬂow extent. As described in Patrick et al. (2017), the resolution of the maps was generally
around 1 m and was resampled to a consistent pixel size of 0.5 m. The mosaics were georeferenced on the
ﬂow outlines in ArcMap and imported in Matlab for analyses. For more information, the reader is referred
to Patrick et al. (2017).
3.5. Flow Properties
We used the ﬂow outlines of Orr et al. (2017) to estimate ﬂow length, area, and width. Changes between successive DSMs were used to calculate the evolution of ﬂow volume, with the 06/28 data set used for the preemplacement topography. Following Patrick et al. (2017), new breakouts were identiﬁed using a threshold of
200 °C in thermal maps (equivalent to a surface <6 hr old; Hon et al., 1994) and were classiﬁed as either lateral or surface breakouts using an arbitrary threshold of 100 m from the breakout centroid to the ﬂow edge.
BIASS ET AL.

5682

Journal of Geophysical Research: Solid Earth

10.1029/2019JB017444

Table 1
Availability and Precision of All Data Sets
Date (mm/dd)

06/28

06/30

07/05

07/08

07/12

07/15

07/19

08/19

DSM

✓ (n)

✓ (o)

✓ (n, o)

×

✓ (o)

✓ (n)

✓ (o)

✓ (o)

Thermal

✓

✓

✓

✓

✓

×

✓

✓

0.04
−0.05
0.1
0.12
0.21
0.29
0.13
0.21
0.31

0.03
0.03
0.02
0.44
0.39
0.16
0.44
0.39
0.16

0.16
−0.08
−0.32
0.56
0.74
0.79
0.59
0.75
0.86

0.45

1.16

0.68

−0.13
0.95

−0.52
1.96

−0.62
1.14

Data availability

DSM georeferencing error from Pix4D Mapper
μ (m)
σ (m)

RMSE (m)

x
y
z
x
y
z
x
y
z

0.01
0.01
−0.07
0.19
0.18
0.43
0.19
0.18
0.43

−0.04
−0.01
−0.13
0.26
0.19
0.64
0.26
0.19
0.64

—
—
—
—
—
—
—
—
—

0.04
−0.02
0.06
0.5
0.19
0.44
0.5
0.19
0.44

1.71

0.14

—

—

−0.3
0.69

0.28
0.89

—
—

−0.12
1.23

0.01
−0.01
−0.01
0.1
0.06
0.05
0.1
0.06
0.05

DSM precision analysis from James et al. (2017)
Precision (m)

z

0.19

DSM coregistration error to 06/28
μΔz (m)
σΔz (m)

z
z

—
—

Note. Data availability details the dates for which thermal maps and digital surface models (DSMs) were reconstructed
(n = nadir; o = oblique). The georeferencing error represents the alignment mismatch between measured and reconstructed ground control point coordinates. The precision analysis shows the average precision on the z coordinates
assessed from the method of James et al. (2017; see text for details on the averaging technique). Note that the precision
could not be calculated for 07/12. The coregistration error represents a measure of elevation differences over a control
area between a given date and the preﬂow topography (06/28). μ is the mean, σ is the standard deviation, and RMSE
is the root mean square error.

We calculated the roughness of both the DSM and the thermal map for each breakout as the
standard deviation of the residual of a best ﬁt plane ﬁtted through all points within the breakout
(Davenport et al., 2004).

4. Results
Outlines of Orr et al. (2017; Figure 1) are used to reconstruct the 2D evolution of the ﬂow. Key properties are
presented in Figures 2a–2e, as both absolute values (left y‐axis) and normalized per day (right y‐axis). The
ﬂow initially developed in an elongation regime (i.e., time‐averaged aspect ratio >0; Figures 2a and 2e) on
the coastal plain as a narrow ﬂow showing high advance rates and limited lateral expansion until 07/12
(Figure 2a). Between 07/08 and 07/19, the ﬂow advance rate decreased, and episodes of breakout upslope
on the east margin caused the ﬂow to widen progressively (Figures 2b and 2d). The ﬂow reached the ocean
entry on 07/26, and the area of the ﬂow increased linearly between 07/19 and 08/19 (Figure 2c).
4.1. Three‐Dimensional Reconstruction
Point clouds were reconstructed for all dates except 07/08, which was discarded due to the poor quality of the
photogrammetry. Merging of nadir and oblique images was attempted to maximize ﬂow coverage, but the
combination of these two data sets sometime introduced large alignment errors. As a result, two of the eight
data sets were reconstructed using only nadir images, one was reconstructed using a combination of nadir
and oblique images, and four relied only on oblique images (Table 1). Thermal maps were available for all
dates except 07/15, and ﬂow outlines were available for all dates.
The precision analyses for all methods suggest decimetric uncertainties in three dimensions (Table 1). Note
that (i) only values within the ﬂow outline were considered, except for 06/28, where no ﬂow had developed
yet in the region of interest; and (ii) a precision analysis for 07/12 could not be created because of data loss.
BIASS ET AL.
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Figure 3. Elevation changes calculated as the difference of the digital surface model between 06/28 and (a) 07/05, (b) 07/15, and (c) 08/19. Flow outline for each
date is shown in black. Grid intervals are 500 m starting from the northernmost edge. Numerical labels indicate 1 = the region of limited thickness growth and
2 = the regions of maximum ﬁnal thickness discussed in the text. Cross sections used in the text are shown as black lines and labeled on the left of the ﬁgure.

Results highlight that not all data sets are subject to the same precision. Most of the data sets have a mean
georeferencing error of ~10 cm and a root mean square error of ~40 cm on the z component. Precision
analysis following James et al. (2017) suggests that the 07/05 data set has the best z precision (~10 cm),
followed by 06/28 (~20 cm, except close to the ocean entry), 07/15 (~30 cm), and 08/19 (~70 cm), whereas
06/30 and 07/15 are characterized by meter‐scale uncertainties. The vertical coregistration error to the
preﬂow topography shows mean (μΔz) and standard deviations (σΔz) varying between −0.62 to 0.28 and
0.69–2.0 m, respectively (Table 1).
Point clouds were interpolated into DSMs at a resolution that ensures that 95% of the pixels that were used
contain ≥3 points (Whelley et al., 2014, 2017). Resolutions of 3, 5, and 9 m were tested. At a resolution of 3 m,
only ~85% of DSM cells of data sets 07/12, 07/19, and 08/19 contained ≥3 points. At resolutions of 5 and 9 m,
only data set 07/12 did not meet that criterion. Based on these observations, we chose the reasonable resolution of 5 × 5 m while recognizing that the 07/12 DSM will be more prone to interpolation errors.

4.2. Evolution of the Flow Field
4.2.1. Topographic Evolution
Elevation differences between sequential DSMs (Figure 3) show how the initial channelized phase of the
ﬂow (~1,250 m downﬂow; section D‐D′ in Figure 1) evolves as one of the regions with the least volume
change. Three main regions of maximum elevation change can be identiﬁed: (i) north of the study area at
the break in slope at the base of the pali, (ii) between 500 and 1,000 m downﬂow, and (iii) from 1,500 m
downﬂow to the ocean entry (Figure 3). Note that the two latter maxima are located just upﬂow and downﬂow of the smallest elevation change corresponding to the initially narrow part of the ﬂow.
BIASS ET AL.
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Table 2
Cumulative Bulk Volumes of the 61g Flow Within the Study Area
6

Date
(mm/dd)
06/30
07/05
07/12
07/15
07/19
08/19

3

Volume (× 10 m )

6

3

Error (× 10 m )

Cumulative

Minimum

Maximum

0.04
0.66
2.14
3.1
4.38
11.65

0
0.003
0.006
0.005
0.011
0.01

0.012
0.292
1.078
1.043
2.572
3.296

10.1029/2019JB017444

Volumes of the ﬂow within the study area are summarized in Table 2 and
show a value on 08/19 varying between 11.65 ± 0.01 × 106 m3 (equation (1)) and 11.65 ± 3.2 × 106 m3 (equation (2)). Figure 2d shows the evolution of the volume derived from DSM differences. The cumulative
volume change was calculated as the difference from the baseline DSM
and increases at a relatively steady rate.

The time‐averaged discharge rate (TADR) gradually increases between
06/30 and 07/12, though it mostly ranges between 1 × 105 and 4 × 105
m3/day (Figures 2d). By 08/19, the reduction of TADR is most likely due
to the presence of the ocean entry, which creates a pathway through
Note. The minimum and maximum errors are given by equations (1) and
which fresh lava is directly transported to the ocean without causing a
(2), respectively (see text for more detail).
volume change on land. A constant TADR in the study area was estimated
by ﬁtting the cumulative volume with a linear equation (Figure 2d and
Table 2), resulting in a mean TADR of 2.4 × 105 m3/day, or 2.8 m3/s. Chevrel et al. (2018) measured a vesicularity of the 61g lava of about ~50% on breakouts that occurred in November 2016 on the northern part of
our study area. Using this value to estimate a dense rock equivalent (DRE) and the most conservative formulation of error (i.e., equation (2)) suggests a DRE TADR of 1.0 m3/s. Values from other ﬂows from Pu'u 'Ō'ō
(e.g., 40%, Orr et al., 2015; 25%, Poland, 2014) increase the DRE TADR to 1.2–2.7 m3/s. Although these values
are only based on the most distal 3.5 km of the ﬂow, thermal images of the entire ﬂow show that our study
area captures most surface activity from 07/12 on. These values of DRE TADR are similar to previously published mean values for the 2010–2016 eruptive period of Pu'u 'Ō'ō (e.g., ~1 m3/s for late 2010, Orr et al., 2015;
1.5 m3/s for 2011–2012, Poland, 2014; 1.3 m3/s for 2014–2016, Patrick et al., 2017) but are lower than the Pu'u
'Ō'ō's long‐term effusion rate of ~4 m3/s for the period 1983–2002 (Sutton et al., 2003) and the 2018 lower
Puna eruption (>100 m3/s).
Previous studies have linked the inﬂation phase of deﬂation‐inﬂation events to lava surges and pressurization of tube systems (Anderson et al., 2015; Orr, 2011; Orr et al., 2015; Patrick et al., 2017). Two deﬂation‐
inﬂation events appear to coincide with ﬂow widening (shaded bands in Figure 2), but the absence of
DSM and thermal maps between these events prevents identifying their direct effects on the TADR
(Figure 2f). No signiﬁcant change in SO2 emissions is identiﬁable during the periods for which DSM and
thermal data are available (Figure 2f).
4.2.2. Preﬂow Topography
Downﬂow (Figure 4a) and cross‐ﬂow proﬁles (Figures 4b–4g) of DSMs show that in most cases, alignment
mismatch between data sets gradually increases laterally beyond the ﬂow edges, but small features are
consistently captured within the ﬂow outlines. North to south along the axis of the ﬂow, the ﬁrst 350 m
of preﬂow topography is dominated by the break in slope between the pali and the adjacent ﬂat area
(Figure 4a). This ﬂat area, with a slope constantly <2°, is followed by two slightly steeper regions (up to
~5°; 400 and 750 m downﬂow). The remaining portion of the ﬂow has an average slope of ~2° with local
maxima up to ~4°.
Cross sections (Figures 4b–4g) show a topographic conﬁnement exists at the base of the pali (feature 1;
Figure 4). This extends for 1,500 m downﬂow to section E‐E′, where it ends abruptly (Figure 4e). By section
C‐C′, a relatively ﬂat surface extends east of the initial topographic conﬁnement (feature 2 in Figures 4c–4f)
and evolves downﬂow into a wide, asymmetric valley traceable down to the ocean entry. Note that a reconstruction artifact corresponding to a region of very low point density on the point cloud is visible on the preﬂow topography (feature 3 in Figure 4e).
4.2.3. Thermal Evolution
The thermal map on 07/05 shows a uniform and relatively high temperature distribution across an initial
narrow ﬂow fed by open channels on the pali (Figure 5a). Between 07/05 and 07/12 (Figures 5a–5c), the narrow part of the initial ﬂow cooled signiﬁcantly, which suggests the development of a stable crust. The ﬂow
front advance almost stalled between 07/08 and 07/12, but local breakouts and high temperatures at the ﬂow
front suggests that fresh lava was still supplied through the narrow section of the ﬂow (Figure 5c). By 07/12,
lateral breakouts north of the narrow section initiated an eastward widening of the ﬂow. Between 07/12 and
07/19, the overall surface temperature on the north part of the ﬂow decreased from >150 to <100 °C.
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Figure 4. Elevation proﬁles for sections deﬁned in Figure 1. (a) Downﬂow proﬁles for 06/28 (black line) and 08/19 (red line). The dotted gray line shows the slope
calculated from 06/28 and shown using a moving average with a window of 20 m. (b‐g) Cross‐ﬂow proﬁles. (h) Location of the proﬁles for the selected ﬂow
dates. Leftward and rightward pointing arrows represent the eastern and western edges of the ﬂow, respectively, at a given date extracted from the ﬂow outlines of
Orr et al. (2017). Numerical labels indicate 1–2 = the downﬂow evolution of the two main topographic conﬁnements; 3 = artifact in the reconstruction of the data
set 06/28 (see text for further details); and 4 = self‐created topographic feature.

Simultaneously, patterns of surface activity on the south part of the ﬂow changed from wide, smooth, and
relatively uniform high temperatures to localized, rougher, more irregular areas of high temperatures
surrounded by signiﬁcantly cooler temperatures. By 08/19, except for occasional breakouts at the base of
the pali, most of the surface activity was located on the south part of the ﬂow as localized breakouts
(Figure 5e).
4.2.4. Downﬂow Evolution of Flow Properties
Downﬂow properties are calculated by an integration (volume), a mean (thickness and temperature), or
a sum (breakouts) across E‐W cross sections moving downﬂow with a window width of 5 m (Figure 6).
Regions with high slopes consistently show reduced ﬂow width and thickness. The initial narrow ﬂow
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Figure 5. Thermal evolution of the 61g ﬂow. White lines are ﬂow outlines. Grid intervals are 500 m. Numerical labels indicate 1 = the initial narrow region of the
ﬂow, 2 = evidences of mass transfer through the narrow section of the ﬂow, and 3 = surface activity widening the ﬂow. Cross sections used in the text are shown as
green lines and labeled on the right of the ﬁgure.

described in section 5.2 is expressed in Figure 6 (feature 1). Between 07/05 and 07/08, it retained
constant width and thickness (Figures 6a and 6c) during rapid cooling (Figure 6d). Simultaneously,
the volume of lava, both upslope and downslope of this narrow section, increased by widening
and thickening.
Surface temperature of early data sets capture both the highest temperatures and the smallest number of
breakouts. The evolution of the surface temperature records the downslope propagation of progressive insulation of the ﬂow surface and reﬂects an increasing ﬂow maturity (Figures 5 and 6d).
4.2.5. Patterns of Surface Activity
Due to our deﬁnition of lateral breakouts based on a distance from the ﬂow margin, the early, narrow
initial ﬂow is characterized by a relatively small amount of large lateral breakouts until 07/05, when a
deﬂation‐inﬂation event occurred and the ﬂow started widening (Figures 7 and 5b). Date 07/12 marks
the onset of surface breakouts and corresponds to both signiﬁcant ﬂow widening and then to the inﬂationary phase of a second deﬂation‐inﬂation event. From 07/19, both the number and area of breakouts
decrease, which agrees with the apparent surface cooling trend of the northern portion of the ﬂow
(Figures 5d, 5e, 6d, and 6e). Except for 06/30, the total breakout area represents 2–5% of the ﬂow area
until 07/19, after which it drops to <1%. Lateral breakouts are consistently larger than surface
breakouts (Figure 7b).

5. Interpretation
The initial development of the episode 61g ﬂow on the coastal plain (06/30‐07/08) is interpreted as the
establishment of a tube system enhanced by topographic conﬁnement. The narrow ﬂow on 07/05 was
controlled by a topographic valley whose cross‐sectional area decreased between sections B‐B′ and D‐D′
(feature 1 in Figure 4). Between 07/05 and 07/08, a 750‐m‐long region cooled while showing no lateral
expansion and limited vertical inﬂation (feature 1 in Figure 5). Advance and widening of the ﬂow south
of section D‐D′ provide evidence that material was still transported to the ﬂow front, thus suggesting that
a tube was present.
By 07/08, new 'a'ā ﬂows appeared on the pali (Figure 5b), probably caused by a lava surge within the system
related to the inﬂation phase of a deﬂation‐inﬂation event. Increasing topographic conﬁnement between
sections C‐C′ and D‐D′ (Figures 4c and 4d) did not allow expansion to accommodate the hydraulic pressure
caused by the increase in discharge. Consequently, intense surface activity occurred north of the tube and
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Figure 6. Downslope evolution of the properties of the 61g ﬂow for selected dates. For each downslope increment of 5 m,
the properties of the pixels contained within the ﬂow outline are averaged. (a) Flow width based on the ﬂow outlines
of Orr et al. (2017); (b) thickness and (c) lava volume using the difference in DSMs between a given date and the baseline
(06/28); (d) mean temperature; and (e) number of breakouts. The shaded area shows the region of maximum slopes
observed in Figure 4. Label 1 indicates the expression of the narrow section of the ﬂow (feature 1 of Figures 3–5). Vertical
blue lines show the location of cross sections (Figure 4).

breakouts started ﬂooding the secondary topographic low east of the initial ﬂow path (feature 2 in Figure 4),
causing an eastward branching. Between 07/12 and 07/19, the ﬂow widened and thickened but
barely advanced.
The ﬂow reached the ocean on 07/26. Despite a paucity of data, cross sections between 07/12 and 08/19 suggest that thickness increases above the east topographic low (feature 2 in Figure 4) might be related to the
development of a second tube branch. This branch appears as a conspicuous north‐south lineament of maximum thickness change on the east margin of the ﬂow (Figure 3c). On 08/19, the lower 2,000 m of the ﬂow
ﬁeld show a thick ﬂow (≥6 m, locally ≥9 m; Figure 6) with an axis located above the main thalweg of the
topographic valley (Figure 3c).
Between 07/19 and 08/19, the ﬂow also widened westward between 1,500 and 3,000 m from the pali
(Figure 5; sections B‐B′ to D‐D′, Figure 4), creating the region of the ﬂow with the smallest thickness change
(Figure 3). This event is ﬁrst visible on section B‐B′ (Figure 4b) along the west side of the ﬂow and is traceable
on section C‐C′ (Figure 4c) as a ﬁlling of a topographic low west of feature 1. By section D‐D′, this new portion of the ﬂow clearly becomes isolated from the central ﬂow by a topographic high that divided the ﬂow
(feature 1 on 07/19, Figure 4d). This branch of the ﬂow is still visible on section E‐E′ (Figure 4e) but no
longer appears by section F‐F′ (Figure 4f).
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6. Discussion
6.1. Breakout Characteristics
The surface morphology of pāhoehoe ﬂows is a consequence of the
combined effects of effusion rates, cooling rates, and the underlying
topography (Gregg, 2017; Gregg & Keszthelyi, 2004; Katz & Cashman,
2003; Rader et al., 2017; Rumpf et al., 2018). Hon et al. (1994) introduced
two breakout morphologies. Sheet breakouts are single broad units characterized by abrupt margins, smooth surfaces, and temperatures decreasing from the front of the breakout that correspond to an increase of the
crust age. Such breakouts are observable on early data sets (e.g., 07/05;
Figure 5a). Alternatively, hummocky breakouts consist of multiple breakouts scattered over the ﬂow surface with variable temperatures and are
clearly observable on 08/19 (Figure 5e), weeks after the episode 61g ﬂow
had reached the ocean. Studies by Patrick et al. (2017) and Turner,
Perroy, et al. (2017) suggest that the type of breakout is controlled by
the maturity of the ﬂow ﬁeld and supply rate to the system, which is supported by lab experiments and previous observations (Gregg & Keszthelyi,
2004; Rader et al., 2017; Tarquini & de’ Michieli Vitturi, 2014).
Sheet ﬂows occurred on dates characterized by relatively high advance
rates and aspect ratios (e.g., 07/05; Figures 2a and 2b). They show high
temperatures at the ﬂow front and are signiﬁcantly less numerous than
later hummocky ﬁelds (Figure 6). Hummocky textures become evident
on thermal maps from 07/19, by which date the northern part of the ﬂow
signiﬁcantly cooled (Figure 5d). By then, the east lobe of the ﬂow, resulting from the presumed constriction of the tube described previously, is
characterized by surface breakouts and irregular thermal textures. This breakout ﬁeld is easily recognizable
between 1,250 and 1,750 m in Figures 6d and 6e and shows a higher mean temperature and number
of breakouts.

Figure 7. Evolution of active breakout properties through time in terms of
total number of breakouts, mean breakout area, and the total area covered
by breakouts. Distances from the ﬂow edge are the distance between the
center of the breakout centroid and the ﬂow outlines of Orr et al. (2017).
Shaded areas indicate episodes of deﬂation‐inﬂation events identiﬁed from
Figure 2.

Characterizing each breakout as a function of its topographic versus thermal roughness suggests an evolution corresponding with the maturity of the ﬂow surface (Figure 8). Immature surfaces, characterized by a
thinner crust, inﬂation regimes, and sheet breakouts, plot in a high topographic roughness/low thermal
roughness ﬁeld, and the topographic roughness of sheet breakouts increases with area. This relates to both
the narrow nature of the ﬂow on early dates that covered the area with the most important changes in slope
and by methods for roughness calculations that do not allow gradient
effects to be eliminated. As the ﬂow evolves and becomes more mature,
with a thicker crust and the development of an ever more stable tube system, the development of hummocky breakouts shifts this trend toward a
low topographic roughness/high thermal roughness ﬁeld. This pattern is
attributed to the smaller and less sustained lava supply to an individual
breakout that will cause lava to ﬁll lows between preexisting hummocky
topography and rapidly form stable crust. Although this trend (Figure 8)
only captures the surface expression of morphological changes without
considering controlling mechanisms, it potentially provides a method to
characterize the relative inﬂuence of external variables (e.g., supply rate
and underlying topography) acting during the evolution of a
pāhoehoe surface.

Figure 8. The thermal and elevation roughness of all breakouts. The symbol
diameter is scaled to the breakout area. The gray arrow shows the
maturing trend from an early low thermal roughness/high terrain roughness ﬁeld to a more mature high thermal roughness/low terrain roughness
ﬁeld. DSM = digital surface model.
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The approach outlined here requires a resolution of both thermal and
DSM time series to scale the size of the targeted feature. Pāhoehoe ﬂows
ideally require high temporal and spatial resolutions to capture small
and rapidly evolving features such as breakouts at toes scales. However,
instruments with coarser resolutions (e.g., TanDEM‐X, Sentinel, and
Spinning Enhanced Visible & Infrared Imager [SEVIRI]) might be able
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to capture evolving regions of silica‐rich ﬂows (e.g., inﬂation; Kolzenburg
et al., 2018) occurring at larger spatial scales over longer time periods. This
could have implications for the monitoring of remote areas (e.g.,
Kamchatka and Aleutians).
6.2. Cooling Trends
Previous studies of pāhoehoe ﬂows at Pu'u 'Ō'ō have proposed that the
surface of breakouts develops a viscoelastic crust below a temperature of
~1,070 °C and a brittle crust below ~800 °C (Hon et al., 1994; Self et al.,
1998). Hon et al. (1994) described the surface cooling below a temperature
of 1,070 °C within the ﬁrst 100 hr with an empirical logarithmic function:
T surf ¼ 140× logðt Þ þ 303;

Figure 9. Empirical power law cooling relationships ﬁtted to thermal data
of the 61g ﬂow (blue dots) combined with the surface data of Hon et al.
(1994; red dots). The blue curve shows the ﬁt of Hon et al. (1994) modiﬁed by
−0.2060
Patrick et al. (2017; Tsurf = 288.65t
; dashed after 33 hr). The black
curve shows the power law ﬁt with the 90% conﬁdence interval shown as
−0.2438
). The gray box shows the region of the
dotted lines (Tsurf = 277.04t
inset plot, which is zoomed to a maximum time of 24 hr.

(3)

where Tsurf (°C) is the surface temperature and t is the time (hr). Harris
et al. (2007) used this relationship to estimate the age of a lava crust from
surface temperature in thermal images while restricting the validity of this
relationship to a maximum age of 48 hr. With a similar purpose, Patrick
et al. (2017) found that the original data of Hon et al. (1994) were better
described by a power law and restricted its validity to a maximum age of
33 hr:
T surf ¼ 288:65×t −0:2060 :

(4)

Here we use the thermal maps of the episode 61g ﬂow to explore the cooling trend of long‐lived pāhoehoe
ﬁelds at Pu'u 'Ō'ō over a longer period by applying the following workﬂow. Ages of all pixels with a temperature >200 °C on 07/05 were calculated using equation (4), and their subsequent thermal histories were
retrieved in data sets 07/08, 07/12, and 07/19 (Figure 9). For later dates, the time is the elapsed time between
ﬂights. Note that (i) the 08/19 data set was ignored because of the month‐long data gap with 07/19 and, (ii) to
obtain cooling unaffected by subsequent breakouts, only pixels showing a decreasing trend of temperature
between 07/05 and 07/19 were preserved. This data set was combined with the surface data of Hon
et al. (1994).
Fitting a power law of the shape y = axb suggests a = 277.50 (90% conﬁdence interval between 276.38 and
278.62) and b = −0.2438 (90% conﬁdence interval between −0.2455 and −0.2421). Compared to the relationship of Patrick et al. (2017), this new relationship generally underestimates the cooling rate of Hon et al.
(1994). Despite a discrepancy with the cooling rates of Hon et al. (1994) and Patrick et al. (2017), this
approach can nevertheless provide an empirical insight to the long‐term cooling trend of compound
pāhoehoe ﬂows when time series of thermal images are available.
6.3. Tube System
The interpretation of two branches to the tube system, based on ﬂow outlines, DSMs, and thermal maps,
matches observations in the ﬁeld (Figure 10a). The earlier branch, located west of the ﬂow, follows the outline of the initial ﬂow front and conﬁrms our interpretation that its development was promoted by a topographic feature. Limited variations in width, thickness, and temperature suggest that the initial sheet ﬂow
developed a crust and underwent little inﬂation (e.g., Calvari & Pinkerton, 1999; Hon et al., 2003;
Peterson & Swanson, 1974; Peterson & Tilling, 1980). The second branch resulted from the eastward
widening of the ﬂow that utilized the valley visible on the preﬂow topography. Its path follows the shape
of the ﬂow front on 07/15 and provides an additional illustration of how the emplacement of later parts of
compound ﬂows is inﬂuenced by topographic features created by earlier parts.
6.4. Relationship With Topography
The emplacement of pāhoehoe ﬂows is inﬂuenced by both small‐ and large‐scale properties of the underlying topography (Dietterich et al., 2015; Fujita et al., 2009; Hon et al., 1994; Rumpf et al., 2018; Scifoni et al.,
2010). At a breakout scale, Hamilton et al. (2013) estimate that topographic obstacles that are greater than
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Figure 10. (a) Tube system mapped in the ﬁeld by the HVO staff; paths of steepest descents produced using (b) the HVO DEM (see text for details), (c) the
06/28 DSM, and (d) the 08/19 DSM. Using the method described in the text using DSMs produced for (c) 06/28 and (d) 08/19. Grid intervals are 500 m.
HVO = Hawaiian Volcano Observatory; DEM = digital elevation model; DSM = digital surface model.

~15% of the toe's initial thickness may signiﬁcantly affect the ﬂow emplacement. At a larger scale, high gradients (>~10°) induce a change in the ﬂow morphology similar to an increase in supply rate (Gregg & Fink,
2000), whereas changes from steep to ﬂat slopes promote heat dissipation and induce thicker ﬂows (Glaze
et al., 2014; Tarquini & Coppola, 2018). In the region of slope >4° (Figure 5a), the inertia gained on steeper
slopes promotes transportation over deposition and results in a region of minimum ﬁnal thickness (Figures 3
and 6; e.g., de’ Michieli Vitturi & Tarquini, 2018; Dietterich & Cashman, 2014).
Pāhoehoe ﬂows alter local topography and, through inﬂation, induce topographic inversions (Hamilton
et al., 2013; Hon et al., 1994; Self et al., 1998; Turner, Houghton, et al., 2017; Walker, 1991). This process
is clearly visible in our data set (e.g., features 1 and 4 in Figure 4). These self‐formed positive topographic
features can modulate subsequent developments of compound ﬂows. This is illustrated by the westward
widening that occurred between 07/19 and 08/19 (Figure 1), which was conditioned by a separating feature
resulting from the inﬂation of the initial narrow ﬂow emplaced on 07/05 (feature 1 in Figure 4). It is worth
noting that recent observations have highlighted a similar behavior of dominant 'a'ā ﬂows (Kolzenburg
et al., 2018).
6.5. Comparison With the Steepest Descent Approach
The path of steepest descent method is used by HVO during crises to derive various scenarios of lava inundation (Kauahikaua et al., 2017). Since this method relies uniquely on elevation models, we test here its sensitivity to topographic models acquired from different sources and at different stages of the emplacement of
long‐lived compound ﬂows. We ﬁrst compare the 4.5‐m‐resolution DEM used by HVO to forecast ﬂow direction on the coastal plain, which is a combination of the bare‐Earth U.S. Geological Survey (USGS) DEM and
the 2013 TanDEM‐X interferometric synthetic aperture radar data (hereafter referred to as HVO DEM), with
our DSM on 06/28. We then compare DSMs obtained on 06/28 and 08/19. For each date, 10,000 random
points were sampled over the 08/19 ﬂow footprint, and their paths of steepest descent were computed in
Matlab. Results express the probability of inundation of a thalweg by normalizing the frequency of inundation of a given pixel by the total number of simulated points (Figure 10).
Although both pretopography terrain models succeed in forecasting ﬂow directions within the 08/19 ﬂow
outline, subtle differences suggest that the 06/28 DSM (Figure 10c) outperforms the HVO DEM
(Figure 10b). First, the main path obtained from the 06/28 DSM captures the sinuosity of the initial phase
of the ﬂow until at least 07/15. Conversely, the HVO DEM results in a main path located east of the
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observed ﬂow, which corresponds to the secondary topographic low observed in Figure 4. Second, paths
obtained with the HVO DEM require the ﬂow to migrate through three different lavasheds to reproduce
the inundation path observed on 07/05, whereas a single one is required when using the 06/28 DSM.
Finally, the west branch observed between 07/19 and 08/19 cannot be described by the drainage obtained
by the HVO DEM. On the contrary, the 06/28 resolves the source drainage and precisely describes the path
of inundation.
Results obtained with the 06/28 and 08/19 DSMs outline the evolution of the drainage pattern as the ﬂow
develops. Using the 06/28 DSM, topographic conﬁnement down the pali (Figure 4) results in one main inundation path joined by tributaries ~250 and ~750 m downﬂow (Figure 10c). These two junctions correspond to
two northernmost areas of maximum vertical changes on 08/19 (Figure 3c), which divided the initial drainage pattern into two distinct branches (Figure 10d). The drainage pattern from the 08/19 DSM explains
the eastward widening of the ﬂow between 08/19/16 and 05/31/17, which follows a path of inundation
not accounted for by the 06/28 DSM. These observations highlight how quickly the surface of pāhoehoe
ﬂows evolved topographically through time and demonstrate the need to rapidly update DSMs during crises.
This sensitivity analysis conﬁrms the importance of the topographic model (Turner, Houghton, et al., 2017).
The regular update of both DSMs and maps of paths of steepest descent can provide insights on the temporal
evolution of the hazard of long‐lasting pāhoehoe lava ﬂows, which, in combination with thermal maps, represent an improvement to the traditional use of the steepest descent approach. Although this prediction estimate
does not account for critical elements of hazard assessments (e.g., temporal components, uncertainties, and
probabilities to exceed critical hazard thresholds), it is a pragmatic alternative to a rigorous forecast relying
on models that cannot incorporate such complex processes as breakouts, inﬂation, thermal insulation, or tube
formation. In this context, combined visible and thermal SfM collected during routine monitoring provide
insights on both the emplacement mechanism and potential patterns of future inundation.

7. Conclusions
The application of SfM photogrammetry techniques to visible and thermal data sets provides unprecedented detail in characterizing the emplacement of a compound pāhoehoe lava ﬂow. Only the combination
of these two data types fully captures the dynamic nature of the factors, interactions, and feedbacks modulating the evolution of long‐lived pāhoehoe ﬁelds. Regarding the studied portion of the 61g lava ﬂows, this
study shows how
1. ~12 × 106 m3 of lava accumulated on the ﬂood plain over ~2.5 months, which corresponds to a DRE
TADR of 1.2–2.7 m3/s (this is similar to other measurements for the 2010–2016 period and about half that
of the long‐term effusion rate for the Pu'u 'Ō'ō eruption);
2. the ﬂow developed over the ﬁrst 1.5 km of the coastal plain under a dominantly elongating regime as a
crust‐free sheet ﬂow that was fed by 'a'ā channels down the pali (the ﬂow front then stalled, and a new
pulse of lava caused the ﬂow to widen; on 07/23, the ﬂow reached the ocean entry and the pressure drop
in the system resulted in little change in the ﬂow morphology);
3. two main branches to a tube system developed, the ﬁrst was enhanced by a narrow conﬁnement that
caused a topographic inversion via inﬂation, conditioning the emplacement of the second branch; and
4. the initial conﬁned branch of the tube system may have acted as a bottleneck during an episode of lava
surge, thus increasing the ﬂuid pressure upﬂow and triggering lateral breakouts and ﬂow widening.
Results also yield wider implications for the understanding of long‐lived compound pāhoehoe ﬂows, their
forecasting, and the management of associated crises. Key ﬁndings include the following:
1. the ability of SfM‐derived DSMs to capture critical small‐scale features required for the accurate forecast
of the ﬂow path;
2. the breadth of information that the combined use of DSMs and thermal maps at successive time intervals
can supply for the dynamic of emplacement of a pāhoehoe ﬂow, from which subjective interpretations
can inform short‐term scenarios of inundation;
3. a proposed extension of the cooling trend of breakouts of Hon et al. (1994) to longer time frames
(although our relationship requires further research to be applied operationally, it nevertheless demonstrates how successive thermal maps could support an empirical characterization of physical process as a
basis for numerical models);
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4. a trend for the evolution of thermal and morphological properties of breakouts with time, which appears
to describe the maturity of the ﬂow ﬁeld; and
5. an enhanced capacity of the method of steepest descent to accurately inform inundation path if combined
with updated DSMs.
Although we recognize that the time required to process, georeference, and analyze SfM data might hinder
its application in an operational context during crises, the methodology developed here has demonstrated
potential to characterize thoroughly the dynamics of emplacement of long‐lived compound pāhoehoe ﬂows.
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