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Abstract

Lava flows present a significant natural hazard to communities around volcanoes and are
typically slow moving (< 1 to 5 cm/s) and laminar. Recent lava flows during the 2018
eruption of Kilauea Volcano, Hawai’i, however, reached speeds as high as 11 m/s and were
transitional to turbulent. The Kilauea flows formed a complex network of braided channels
departing from the classic rectangular channel geometry often employed by lava flow models.
To investigate these extreme dynamics we develop a new lava flow model that incorporates
nonlinear advection as well as a nonlinear expression for the fluid viscosity. The model
makes use of novel discontinuous Galerkin (DG) finite element methods and resolves complex
channel geometry through the use of unstructured triangular meshes. We verify the model
against an analytic test case and demonstrate convergence rates of P 4 1/2 for polynomials
of degree P. Direct observations recorded by Unoccupied Aerial Systems (UASs) during
the Kilauea eruption provide inlet conditions, constrain input parameters, and serve as a
benchmark for model evaluation.

1 Introduction

On May 3, 2018, Kilauea Volcano on the Island of Hawai’i began to erupt from new
fissures in the lower East Rift Zone at the center of the Leilani Estates Subdivision. Be-
fore ceasing in early August 2018, the lava flows destroyed over 650 structures and caused
significant damage to infrastructure and essential facilities. During the second half of the
eruption the flow field established a complex braided channel system (which is common to
many basaltic flows), originating from Fissure number 8 (see Figure[l)). The ”"Fissure 8” flows
were unique in the fact that they produced channelized flows reaching speeds as high as 15
m/s (Patrick et al.| [2019). These high speeds, coupled with channel geometry (e.g. constric-
tions) produced Reynolds numbers (Re > 3000) that were significantly higher than typical
lava flows. To investigate these extreme dynamics we develop a new channelized lava flow
computer model named a discontinuous Galerkin finite element model for fast channelized
lava flows version 1.0.

This paper is organized as follows: in we present the motivation for this work, as
well as background on the mathematical tools we employ. in §2| we present the mathematical
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model along with the bottom stress calculation and detail its nuances. We present the DG
numerical discretization of the mathematical model in §3 and verify the model in 4 In
we evaluate the model against observations of lava flows from the 2018 eruption of Kilauea
volcano. We present misfit errors and root mean square (RMS) errors for the velocity field
from a braided channel section of Fissure 8, and provide quantitative insight into physical
quantities of the lava flow field in this area including its thickness and viscosity. We close
the paper in §6| with some discussion and conclusions.

1.1 Motivation

Typical “operational” lava flow models simulate unconfined lava flow in a 2D plan view [e.g.,
SCIARA (Crisci et al. 2004-04), MAGFLOW (Vicari et al., 2007), LavaPL (Connor et al.,
2012), VOLCFLOW (Kelfoun and Vargas, 2015)] using either cellular automata or depth-
averaged equations in an effort to forecast the area of land inundated by the lava. It is often
difficult, however, for these models to accurately reproduce the complicated braided channel
network such as those created by “Fissure 8.” These braided channel networks are common
in natural flows (e.g., Dietterich and Cashman, 2014-08)) and understanding the evolution of
the velocity, rheology, and temperature fields (e.g. in response to pulsating effusion) within
these channels is critical to hazard mitigation (Patrick et al., [2019). Direct measurements of
lava properties in situ is usually extremely difficult and dangerous. Modeling lava dynamics
within the bounds of an established channel can help to better understand material properties
of the flowing lava and inform models and decisions.

Previous attempts to model channelized lava flows have made use of simple heuristic
formulas such as Jeffreys equation for laminar flows (Harris and Rowland} [2015) or Chezy
approximations for higher speed flows (Baloga et al., [1995). While convenient, the use of
these equations has largely been dictated by the fact that it has been difficult to obtain
the physical data necessary for advanced modeling efforts (e.g. channel domain boundaries,
inlet boundary conditions, topography, etc). However, with the advent of Unoccupied Aerial
Systems (UASs, or 'drones’) and their ability to survey active lava fields, we now have access
to the data required by sophisticated numerical methods.

1.2 Shallow-water equations for fast lava flows

Commensurate with this development in observational capabilities, we introduce a numerical
method for modeling fast moving lava flows in complex channels. The high Reynolds number
associated with these lava flows coupled with the fact that the total length of the flows (on
the order of kilometers) is much greater than the flow depth (on the order of meters) means
that the dynamics can be well approximated by two-dimensional depth-integrated equations
for mass, momentum, and energy. In particular, we utilize a system of dynamical equations
known as the shallow water equations (De Saint Venant (1864) and Boussinesq (1872)),
which quantify average horizontal velocities and the depth of flow. These equations are
traditionally used to model free surface flows in coastal oceanic regions, estuaries, and rivers
(Dawson and Mirabito, [2008]), although they have been used to model debris flows (George:
and Iverson, [2014)) and lava flows (Costa and Macedonio, 2005)) as well. The main assumption
in the shallow water theory is that the fluid pressure is hydrostatic; gravitational acceleration



Figure 1: A satellite image (colored, in the background, by DigitalGlobe) overlaid by a
thermal aerial orthomosaic (grayscale) where the white and light gray areas reveal the path
of the Fissure 8 ow channel as it was on June 21st, 2018. Data and map by USGS. The
orange rectangle depicts the area of UAS site 8, from where the video we analyzed was
captured on June 22nd, 2018. The at gray areas south of the active ow channel demarcate
the areas inundated by lava during the early stages of the eruption. North is up. PGV is
the Puna Geothermal Ventures power plant that was heavily impacted by the lava.
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