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High concentration pyroclastic density currents (PDCs) are hot avalanches of volcanic
rock and gas and are among the most destructive volcanic hazards due to their speed
and mobility. Mitigating the risk associated with these flows depends upon accurate
forecasting of possible impacted areas, often using empirical or physical models.
TITAN2D, VolcFlow, LAHARZ, and AH/L or energy cone models each employ different
rheologies or empirical relationships and therefore differ in appropriateness of application
for different types of mass flows and topographic environments. This work seeks to test
different statistically- and physically-based models against a range of PDCs of different
volumes, emplaced under different conditions, over different topography in order to test
the relative effectiveness, operational aspects, and ultimately, the utility of each model for
use in hazard assessments. The purpose of this work is not to rank models, but rather
to understand the extent to which the different modeling approaches can replicate reality
in certain conditions, and to explore the dynamics of PDCs themselves. In this work,
these models are used to recreate the inundation areas of the dense-basal undercurrent
of all 13 mapped, land-confined, Soufriere Hills Volcano dome-collapse PDCs emplaced
from 1996 to 2010 to test the relative effectiveness of different computational models.
Best-fit model results and their input parameters are compared with results using
observation- and deposit-derived input parameters. Additional comparison is made
between best-fit model results and those using empirically-derived input parameters
from the FlowDat global database, which represent “forward” modeling simulations as
would be completed for hazard assessment purposes. Results indicate that TITAN2D
is able to reproduce inundated areas well using flux sources, although velocities are
often unrealistically high. VolcFlow is also able to replicate flow runout well, but does not
capture the lateral spreading in distal regions of larger-volume flows. Both models are
better at reproducing the inundated area of single-pulse, valley-confined, smaller-volume
flows than sustained, highly unsteady, larger-volume flows, which are often partially
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Ogburn and Calder Relative Effectiveness of PDC Models

FIGURE 6 | Comparison between TITAN2D (A) best-fit and (B) deposit-derived simulations; VolcFlow (C) best-fit and (D) deposit-derived simulations (same in C,D);
LAHARZ (E) best-fit and (F) globally-derived coefficient model results; the (G) SHV-only AH/L cone and the (H) globally-derived AH/L cone for the 8 January 2010
PDC. Maximum final time-step thicknesses are displayed in red text for TITAN2D and VolcFlow results. Actual dense-basal avalanche (hatched) and ash-cloud surge
(hollow) deposits are shown for comparison. Rivers and valley names are shown in blue (BV, Belhnam Valley; FG, Fort Ghaut; TG, Tuitt's Ghaut; MG, Mosquito Ghaut;
WG, White’s Ghaut; TRV, Tar River Valley).
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All best-fit model runs are able to replicate this flow
within 280m, or 5% (Figure 6 left column). TITAN2D and
LAHARZ both perform poorly when only using deposit-
derived or globally-derived variables (Figures 6B,F), greatly
underestimating runout by 1.3km (22%) and 1.6km (26%),
respectively, perhaps because this flow was unusual in nature
due to its somewhat explosive initiation mechanism. The same
is true for the globally-derived AH/L cone (Figure 6H), which
underestimates runout by 1.4 km (22%). The SHV-only AH/L
cone reproduces the runout well, however, within 90m (1.5%).
Non-calibrated deposit-derived input parameters provided the
best-fit model run for VolcFlow (Figures 6C,D, which are
identical) and replicated the PDC runout (within 80 m or 1.3%)
and inundated area well.

Velocities for both TITAN2D and VolcFlow (Figure 4C) are
similar, with VolcFlow having slightly lower velocities. The
observed velocities do not include the blast component, which
was estimated at 70-100 m-s~!. The detailed flow front map
produced by Molle (2012) for the 8 January 2010 event allows for
the extraction of TITAN2D and VolcFlow flow front velocities
(Figure 4C) by measuring the location of the simulated flow
at the same time-steps recorded by Molle (2012). TITAN2D
flow front velocities are higher than observed in proximal
areas at early time-steps, but slightly lower than observed
velocities in distal reaches and later time-steps (Figure 4C).
VolcFlow flow front velocities match remarkably well in proximal
areas and early time-steps, but are higher than observed flow
front velocities in some distal locations and later time-steps
(Figure 4C). These flow front velocities can also be compared to
the maximum flow front velocities from each model. TITAN2D
flow front velocities are about 42% of the maximum velocities,
while VolcFlow flow front velocities are ~47% of the maximum
velocities (Figure 4C), both of which are less than the 60% of
maximum velocity recorded by Simpson (1999).

Other Selected Examples

While few PDC deposits have the associated level of recorded
dynamical information (velocity, video, etc.) as the previous
example events, it is useful to compare the models ability
to reproduce PDCs under different emplacement conditions.
Figure 7A shows TITAN2D, Figure 7B VolcFlow, and Figure 7C
LAHARZ model outputs of the 3 April 1996, 3 August 1997,
the 21 September 1997 events. AH/L cone results are not
compared here because they do not model flows down channels
and therefore are not sensitive to these different emplacement
conditions.

TITAN2D and VolcFlow replicate the very small-volume 3
April 1996 event well (runout within 150 and 40 m or 9 and 2%,
respectively), although the TITAN2D simulation exhibits more
lateral spread than the actual flow. LAHARZ globally-derived
coefficients greatly underestimate the runout of this flow by
450 m (28%), and to produce a better fit, the simulation must be
run from a break in slope using coefficients calculated for larger-
volume flows (Table4). This PDC was moderately confined,
but traveled down the steepest valley on Montserrat (Tar River
Valley), making its planimetric area vs. volume ratio somewhat
unusual compared to similar volume PDCs. Because the deposit

map is also somewhat cruder than other maps, we consider the
proximal lateral extent of the flow to be overestimated, perhaps
contributing to this effect.

The 3 August 1997 PDC was channelized in the upper reaches
of Fort Ghaut, was strongly deflected by St. George’s Hill, and
spread out in more distal areas to form a broad deposit. Both
TITAN2D and VolcFlow reproduce the runout of this flow well
(within 160 and 80 m or 3 and 1%, respectively), but both fail
to completely capture the true amount of lateral spreading.
VolcFlow captures the proximal spreading very well, whereas
TITAN2D captures more of the deflection and spreading around
St. George’s Hill. VolcFlow, however, replicates the deposit front
more accurately than TITAN2D. VolcFlow produces a moderate
amount of material that travels to the south into the White River
Valley, which was not observed for the actual event. LAHARZ is
unable to capture any of the proximal spreading, as it can only
infill the stream network. It overestimates the distal spreading,
but replicates the flow runout within 90 m (2%).

The results for the 21 September 1997 PDC illustrate one
of the major problems with using LAHARZ to model PDC
inundation. While the empirical coefficients are often able to
reproduce channelized flow runout reasonably well, LAHARZ
cannot automatically diverge from a single stream network. In
this case, LAHARZ (using globally-derived coefficients) greatly
overestimates the runout of the 21 September 1997 event (by
1.3 km or 19%) because the entire modeled volume must travel
down one valley, instead of two. Usually overspill into one
stream network from another is handled manually in LAHARZ;
that is, if a model run from one stream network intersects
a previously unselected stream network, the user would start
an additional model run down the intersected stream network.
Volume partitioning can only be estimated in these cases,
however. TITAN2D and VolcFlow do a better job of simulating
this flow, although only TITAN2D is able to capture the full
runout (within 180m or 3%) and the lateral spreading as the
flow exits the valley in the most distal areas. VolcFlow fails to
reproduce the extent of the runout (by 560 m or 8%), as well as
the distal spreading. TITAN2D, however, unrealistically sends a
large amount of material to the north down Mosquito Ghaut.

DISCUSSION

Implications for Hazard Modeling

The results of this modeling are important for hazard assessment
in a number of ways. They illustrate the importance of
appropriate selection of both models and model inputs, and
demonstrate the utility of deriving model input parameters from
global databases, such as FlowDat (Ogburn, 2012, 2014; Ogburn
etal, 2016).

This work has focused on retrospective modeling of known
PDCs, where the best-fit model runs are “tuned,” that is, input
parameters are adjusted until the results replicate real flows.
The need to fit parameters is a weakness of many geophysical
models and is especially problematic for forward modeling. For
this reason, the models were also tested using non-calibrated,
deposit-derived or globally-derived input parameters. To this
end, Figure 8 compares the deposit-derived and best-fit input
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FIGURE 7 | Comparison of (A) TITAN2D, (B) VolcFlow, and (C) LAHARZ model resullts for a selection of different PDCs, including the smaller-volume 3 April 1996
PDC in the Tar River Valley; the larger-volume, largely unchannelized, 3 August 1997 PDC in Fort Ghaut; and the larger-volume 21 September 1997 PDC, which
entered both Tuitt’s Ghaut and the White River, with an unknown volume distribution. Actual dense-basal avalanche (hatched) and ash-cloud surge (hollow) deposits
are shown for comparison. Rivers and valley names are shown in blue (FG, Fort Ghaut; TG, Tuitt’s Ghaut; MG, Mosquito Ghaut; WG, White’s Ghaut; TRV, Tar River
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parameters for TITAN2D and VolcFlow, and provides the
equations for calibrating deposit-derived input parameters.

The well-characterized relationship of AH/L with PDC
volume makes it easy to estimate empirically-derived basal
friction angles for given simulation volumes for TITAN2D
forward modeling purposes (Figure 8A). Empirically-derived
AH/L values (converted to basal friction) can be calculated
from either the entire global FlowDat dataset (Figure 8A, blue;
Equation 2) or from the SHV-only subset (Figure8A, red;
Equation 1). Deposit-derived and empirically-derived input
parameters work especially well for smaller-volume flows, but
for larger-volume flows, best-fit TTTAN2D simulations required
a lowering of the basal friction angle (Figure 8A). This is because
TITAN2D generally tends to overestimate the spread of flows,
often inundating (“splashing” into) uninvolved valleys. If too
much of the simulated volume enters other valleys, the overall
runout is reduced.

The CRS parameter for VolcFlow can be calculated from
existing PDC deposits using data from FlowDat (Figure 8C),
but requires more calibration than TITAN2D to produce best-fit

results (Figure 8D). CRS has been shown to relate to flow
thickness (Kelfoun et al., 2009), which is difficult to estimate for
forward modeling applications; and, in contrast to PDC volumes,
statistical distributions of flow thicknesses are unknown. CRS
must therefore be varied within a reasonable range of values (i.e.,
5-50 kPA, Kelfoun et al., 2009) for forward modeling purposes
Iverson (2003) and Sparks and Aspinall (2004) assert that
the limitations and uncertainties involved with physically-
based models may make statistically calibrated models, such as
LAHARZ or AH/L cones, an alternative and complimentary
approach to multi-parameter physical models. However, for
PDCs, the LAHARZ calibration coefficients for the planimetric
and cross-sectional area-volume relationships are based on
relatively few observations, and should ideally represent the
total inundated areas rather than just associated deposit
areas, as were used in Widiwijayanti et al. (2008). There are
also uncertainties introduced when selecting the starting
location for LAHARZ model runs (Table4). LAHARZ
cannot diverge from a single stream network, which is
problematic from a forecasting perspective, although new
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model runs can be started in any valley intersected by a
previous run.

AH/L cones worked reasonably well at recreating deposit
runout, but only when using the SHV subset of the data. This
is due to the fact the most PDCs in FlowDat are less mobile
than those at SHV (see Figures2, 8A), possibly because of
channelization and topography (Ogburn, 2014; Ogburn et al.,
2016). Thus, when the entire global dataset of PDCs is used,
the runout of the more mobile SHV PDCs is underestimated.
This reliance on local data poses challenges for forward modeling
using AH/L cones or empirically-derived basal friction angles
for TITAN2D at volcanoes with sparse data. However, Ogburn
et al. (2016) investigated the use of hierarchical Bayesian models
for AH/L estimation from PDC volume that allow one to
“borrow strength” from the global record of PDCs while retaining
characteristics of local data (namely the intercepts), and greatly
reduce the uncertainty inherent in traditional linear regression
models of sparse data.

Other workers have investigated the sensitivity of these models
(included in Table 5) in detail (Sheridan et al., 2005; Kelfoun
et al., 2009; Charbonnier and Gertisser, 2012). Charbonnier and
Gertisser (2012) showed that TITAN2D was most sensitive to
initial collapse volume, starting coordinates, and basal friction
angle while VolcFlow was most sensitive to initial collapse
volume, CRS, and bulk density. For TITAN2D, small changes in
input parameters affected larger-volume simulations more than
smaller-volume simulations, while for VolcFlow, the opposite
was true (Charbonnier and Gertisser, 2012).

However, when simulating PDCs over natural terrain (DEMs),
the sensitivity analysis, as discussed above, is not only testing
the sensitivity of the model itself to input parameters, but also
the sensitivity of the topography of individual channels to input
parameters. For example, when modeling the 25 June 1997
PDC, the runout increases as basal friction is lowered from
20° to 8°. However, when basal friction is lowered below 7°,
runout actually decreases, because the low basal friction leads
to higher velocities in proximal areas, which causes material to
spill out of the channel at the first channel bend. Subsequently,
there is less volume in the relevant channel, and the runout
decreases. Therefore, simulations in each valley would have
different sensitivities to input parameters, which could prove
useful for hazard analysis. The sensitivity analysis performed
by other workers (e.g., Sheridan et al.,, 2005; Charbonnier and
Gertisser, 2012), involved simulations in only one channel, and
thus did not encounter this.

The models also differ in their sensitivity to the resolution
and error of the DEM. Capra et al. (2011) and Stefanescu
et al. (2012) showed that the type of DEM (e.g., TOPSAR,
ASTER, SRTM), the interpolation scheme, and the resolution
of the DEM (e.g., 10m vs. 90m) had significant impacts on
geophysical mass flow simulations. DEMs of 30 m resolution
or better are usually sufficient for modeling purposes, though
10 m resolution or better is preferred (Capra et al., 2011). Very
high resolution DEMs (10 m or better) can significantly increase
simulation time, however. DEMs are also rarely accurate for long
at active volcanoes as strong depositional and erosional processes
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TABLE 5 | Operational comparison of TITAN2D, VolcFlow, LAHARZ, and the AH/L cone model.

Model Advantages

Disadvantages

TITAN2D (pile)
mobility-volume relationships
Reasonable reproduction of inundation and velocity

Small file size

Vhub.org or on Linux
Well documented and distributed

Can be run using only open-source software, either online at

Input parameters obtainable from observations or empirically-derived

Reproduces gradually thinning margins of larger-volume deposits

Sensitive to pile shape/volume, geometry, basal friction, DEM*

High velocities cause unrealistic inundation of interfluves

Doesn’t reproduce well-defined margins of smaller-volume deposits
very well

Slow (4-8h)

For probabilistic hazard mapping, requires many model runs
(10,000+ ideal)

TITAN2D (flux)
mobility-volume relationships

Reproduces inundation, thickness, and velocity very well
Reproduces gradual thinning of larger-volume deposits
Small file size

Vhub.org or on Linux

Can be run using only open-source software, either online at

Input parameters obtainable from observations or empirically-derived

Some input parameters (velocity at head of valley) unavailable for many
flows, but can be estimated

Sensitive to volume, flux, initial velocity, geometry, basal friction, DEM*
Slowest (8-24+ h)

For probabilistic hazard mapping, requires many model runs
(10000+ ideal)

VolcFlow e Reproduces inundation, thickness, and velocity very well e CRS related to thickness, but poorly understood, and cannot be
* Reproduces well-defined margins of smaller-volume flows empirically estimated for forward modeling
e Faster than TITAN2D (1-2h) e Sensitive to volume, flux, CRS, bulk density, DEMT
e Doesn’t reproduce gradually thinning margins of larger-volume
deposits very well
e Extremely large total file size (up to 100 GB)
* Requires MATLAB, Surfer
® | ess well-documented
e For probabilistic hazard mapping, requires many model runs
(10,0004 ideal)
LAHARZ e Extremely fast (<10 min) e Flow volume and cross-sectional area (as opposed to deposit
e Decent job reproducing inundation when starting location and parameters) needed for deriving coefficients are difficult to obtain for
coefficients are carefully selected PDCs
e Very small output file sizes e Best-fit model runs required a variety of coefficients derived from
e Well documented and distributed different subsets of the data
® For scenario-based hazard mapping, only need to run a range of e Valley filling not very realistic for PDCs
volumes, valleys, and start points ¢ Very sensitive to DEM, start location, coefficients
* Requires ArcGIS, but online version coming soon
AH/L cone e Extremely fast (<1 min) e Reliant on AH/L vs. volume data: if data is sparse for a particular

not explicit modeling of flows down channels
Very small output file sizes
Well documented and distributed

for range of volumes

Local AH/L vs. volume data does a good job reproducing flow runout
Often captures ash-cloud surge hazard area too, because there is

For scenario-based hazard mapping, only need to run AH/L cones

volcano, must rely on widely scattered global data, resulting in large
spread of runout distances

Sensitive to start location/altitude, DEM

May be overly conservative and covers interfluves because there is
not explicit modeling of flows down channels

Requires ArcGIS for the LAHARZ version

“This work and Sheridan et al. (2005); Charbonnier and Gertisser (2012); Stefanescu et al. (2012).

T This work and Kelfoun (2009); Charbonnier and Gertisser (2012).

rapidly change the landscape. TITAN2D and VolcFlow are
extremely sensitive to initial geometries and starting locations.
Rapidly changing volcanic summits and domes thus pose a
significant challenge for using geophysical models. LAHARZ is
sensitive to channel geometry as it is essentially a valley-filling
algorithm; DEM resolution greatly affects the cross-sectional
areas of channels. However, because LAHARZ is started within
valleys, it is easier to avoid issues with DEM errors at the summit.
AH/L cones are perhaps the least sensitive to DEM issues, as the
start height of the cone does not need to be located on the DEM
surface; and, thus, the cone height can be easily adjusted to reflect
the most recent measurement of dome height, for example.

Another concern for using these models for hazard mapping
is the ease of use. The operational aspects of these models are
summarized in Table 5. For example, TITAN2D is available as a
Linux program, or through a web interface, and uses open-source
software, while VolcFlow uses proprietary software. LAHARZ
requires the proprietary ArcGIS software, but has a (soon to be
public) online interface. AH/L cones can be produced using free
standalone tools such as the Vhub Energy Cone tool (Palma,
2013) or within the LAHARZ toolbox. AH/L cones take seconds
to produce, LAHARZ takes 5-20 min, while VolcFlow averages
around 5 h, and TITAN2D pile sources take around 8-10 h using
a single processor on a personal computer. Unfortunately, some
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TITAN2D flux sources can take a long time (24 h+) to complete,
unless super-computing resources are available. The computing
time per model run and the output file sizes are important
considerations when using modeling for both scenario-based
hazard assessment or implementing a probabilistic modeling
scheme that samples input parameter space for forecasting
purposes.

In light of these results, it is clear that LAHARZ should be
used cautiously for PDC hazard mapping, perhaps as a very
quick initial investigation, and with a range of input coefficients.
TITAN2D could be considered as a maximum estimate of lateral
spreading of the dense-basal avalanche and a good estimate of
runout, especially if there are abundant local data on which to
base the regression between basal friction (AH/L) and volume
(see Figures 2, 8A,B), or if a hierarchical Bayesian approach is
used to improve upon global regressions (Ogburn et al., 2016).
VolcFlow may be considered a minimum estimate of spreading
and a good estimate of runout, provided many model runs are
produced with different CRS values, as these cannot be estimated
from volume. AH/L cones provide quick estimates of runout that,
provided abundant local data exists from which to derive the
inputs, match deposits as well as the other models (similar to the
findings of Tierz et al., 2016 for Campi Flegrei and Vesuvius).
Relying solely on global data, however, led to poor results for the
mobile SHV PDCs. While AH/L cones cannot model flows down
valleys, and thus potentially provide over-estimates of hazards
on interfluves or in unlikely flow directions, common sense
approaches exist to modify the cone into more reasonable maps
of inundation. Finally, none of these models is able to explicitly
capture the behavior of the accompanying ash-cloud surge, which
is able to detach from the dense-basal avalanche and travel in
unexpected directions, primarily at channel constrictions and
bends (Ogburn, 2014; Ogburn et al., 2014). The overestimation of
inundation on interfluves by AH/L cones may, however, provide
a rough estimate of the total proximal hazard zone, including
overriding ash-cloud surges in interfluves, ballistics, and other
proximal hazards. Some simulation tools exist for modeling
coupled dense-dilute flows using Lagrangian methods (e.g.,
Dobran et al., 1993; Takahashi and Tsujimoto, 2000; Todesco
et al., 2002; Neri et al., 2003; Dartevelle, 2004; Esposti Ongaro
etal., 2007; Valentine et al., 2011a), but these models are complex
and too computationally expensive to use for operational hazard
mapping purposes at this time.

Implications for PDC Behavior

In general, all the models reproduce smaller-volume flows better
than larger-volume flows, but differ in their ability to reproduce
specific deposit features in different emplacement environments
(Table 6). TITAN2D final time-step inundation and thickness
maps are able to replicate the lateral spread (controlled largely
by the internal friction angle) and gradual thinning of larger-
volume PDCs as they exit valleys onto broad plains. TITAN2D
simulations require basal friction angles lower than those
measured for materials themselves (typically ~31° for granular
material; Bagnold, 1966), and instead correspond roughly to the
AH/L of measured deposits (Figures 8A,B). Because of these low
basal frictions, TITAN2D simulations often produce very high

TABLE 6 | Summary of model behavior in selected emplacement environments.

LAHARZ AH/L Cone

VolcFlow

TITAN2D flux source

TITAN2D pile source

Doesn’t model flows down channels,

Model runs must be started from a
stream network cell, which usually

Lower velocities on steep slopes than
TITAN2D. Retains thin deposits on

steep slopes.

Flux sources from the head of valleys
avoid problems introduced by steep

slopes/poor DEMs on upper flanks.
Flux sources from the dome also

Very high velocities may cause flows

Steep

topographic effects are only captured

to enter uninvolved channels. Does
not retain thin deposits on steep
slopes as observed in the field.

slopes

in mobility variation of global AH/L vs.

volume data

does not extend to very steep slopes.
Model runs must be started from the

head of valleys or a break in slope.

allow material to be released more

slowly.

See above

Models channelized flows reasonably
well. Does not reproduce areas where
flows escaped channels or flowed

into more than one channel.

Flows of all volumes remain more
channelized than TITAN2D

Lower velocities and smaller initial
source geometry allow flows to

Recreates small channelized flows
well. Large flows often enter other
uninvolved channels, reducing the
runout. Reproduces areas where

Channels

See above

Only models inundation, not flow
thickness. Margins of modeled flows
display unnatural shaped margins.

unaffected areas. Reproduces areas
where flows escaped channels.
Reproduces unconfined flows well.
not recreate the distal, gradually
thinning margins of larger-volume

Recreates steeper, well-defined
flows.

simulations, without spreading into
snouts of smaller-volume flows. Does

remain more channelized than pile
sources, without spreading out into
unaffected areas. Reproduces areas
where flows escaped channels.
Reproduces unconfined flows well.

Same as pile sources.

margins of larger-volume flows. Does
not recreate steeper, well-defined

flows escaped channels. Reproduces
snouts of smaller-volume flows.

unconfined flows well.
Recreates distal, gradually thinning

Deposit
margins
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initial velocities when sourced from the steep topography of the
dome summit, especially when using a pile source, which adds to
the initial height. As a result, the final time-steps of TITAN2D
fail to retain material on higher slopes, whereas thin deposits
are often recorded in these areas. Flux sources positioned on the
dome summit or the heads of valleys with a slower release of
material remain more channelized. TITAN2D recreates smaller-
volume, channelized flows very well, but can underestimate
the runout of larger-volume flows by sending material into
valleys that were uninvolved in reality, thus reducing the volume
available in the channel of interest. Charbonnier and Gertisser
(2012) and Charbonnier et al. (2013) were not able to reproduce
deposits using a single basal friction angle, but the use of a
varying bed friction was able to reproduce flows at Merapi.
While TITAN2D velocities were also found to overestimate
those calculated from super-elevation measurements, TITAN2D
reproduced the overall inundation area and runout well, although
it could not produce the steep, narrow flow front of the smaller-
volume 2006 Merapi BAFs. TITAN2D was, however, able to
simulate the four areas where the dense-basal avalanche escaped
the main channel and traveled down adjacent ones, a process of
extreme concern for hazard mapping at Merapi (Charbonnier
and Gertisser, 2012). The use of a variable bed friction was
not necessary to produce flows in this work perhaps because

stresses of all types that individually can vary through time and
space, although the behavior may remain frictional.

In essence, all these models are averaging a number
of variables that are actually highly unsteady and non-
uniform in nature, especially in sustained, larger-volume flows
with significant ash-cloud surge components. Smaller-volume,
discrete PDCs may, therefore, be more readily replicated by
models that average aspects of flow behavior. This unsteadiness
and non-uniformity results from a number of factors including:

1. The variability from the source through time. Dome-collapse
PDCs, especially if larger in volume, are often produced by
the retrogressive collapse of pressurized domes. Initial pulses
of material are often smaller in volume and consist of largely
degassed dome carapace, with successive pulses resulting from
the excavation of the pressurized dome interior (Cole et al.,
2002; Woods et al., 2002). This can result in the explosive
fragmentation, or auto-brecciation, of particles, generating
large amounts of ash and gas, and has been proposed as a
major factor in the generation of large ash-cloud surges (Sato
et al., 1992; Fink and Kieffer, 1993; Woods et al., 2002). Auto-
brecciation has been observed directly at Montserrat (Calder
et al., 2002; Woods et al., 2002), Unzen (Sato et al., 1992), and
Mt. St. Helens (Mellors et al., 1988).

Montserrat has less-extreme slope variations than Merapi, or 2. The interaction of the dense-basal undercurrent with the
because the deep channels on Montserrat prevent even very high- overriding ash-cloud surge. Segregation processes within the
velocity simulations from escaping channels. Ogburn (2014) flow mean that flows become density stratified, with a high-
and Ogburn et al. (2014, 2016) explored the effects of channel concentration, dense-basal undercurrent and a dilute ash-
geometry on PDC mobility, and showed that Merapi flows cloud surge (Denlinger, 1987; Valentine, 1987; Burgisser and
were generally less channelized than those on Montserrat, which Bergantz, 2002). The mass partitioning between these layers
may exacerbate the effects of overly-high TITAN2D simulated may change in space and time (Fisher and Heiken, 1982;
velocities. Denlinger, 1987; Fisher, 1995; Takahashi and Tsujimoto, 2000;
VolcFlow final time-step inundation and thickness maps tend Burgisser and Bergantz, 2002; Doyle et al., 2010). Indeed,
to exhibit margins that are steeper and more defined, and the recent large-scale experimental work by Breard et al. (2016)
model recreates smaller-volume flows better than larger-volume and Breard and Lube (2017) identified the existence of
ones. Steep, well-defined margins are more common for smaller- an intermediate zone between the dense and dilute layers
volume or valley-confined flows on Montserrat (Cole et al., 2002). that contains mesoscale turbulence structures, which are
These steep, defined margins in VolcFlow thickness maps are known to reduce locally drag and counter aerodynamic
generated by the CRS rheology, in that only flows thicker than resistance, leading to a high particle settling rate and
a certain threshold continue to move, while those thinner than considerable mass flux from the ash-cloud to the dense
this threshold come to an abrupt stop (Kelfoun et al., 2009). Both undercurrent. This kinematic coupling between layers causes
Kelfoun et al. (2009) and Charbonnier and Gertisser (2012) noted the flow to enter a state of “forced super-criticality,” but with
that VolcFlow reproduced the margins of PDC deposits better reduced entrainment, sedimentation, and dilution, and is thus
than TITAN2D, but they were simulating flows that remained proposed be a major contributor to the high mobility of
largely channelized. Charbonnier and Gertisser (2012) also found granular PDCs (Breard and Lube, 2017).
that VolcFlow did not simulate the overbanking of the large 3. The interaction of the PDC with topography. Larger-
volume 2006 Merapi PDCs as well as TITAN2D. However, volume flows are more likely to be affected by topographic
VolcFlow performed better than TITAN2D in replicating the constrictions and to surmount barriers, and can also
larger-volume 2010 Merapi PDCs (Charbonnier et al., 2013). overwhelm topography. Topography can induce changes in
Simulations of larger-volume flows using VolcFlow tend to the elutriation, entrapment, ingestion of air, and comminution
reproduce the runout, but not the expansive distal thinning and of ash (Branney and Kokelaar, 2002; Dufek and Manga, 2008;
spreading seen for larger-volume flows on Montserrat. Kelfoun Doronzo et al., 2012). Charbonnier and Gertisser (2012)
and Druitt (2005) note that VolcFlow does not necessarily justified the use of a spatially varying basal friction for
describe an alternative rheology to the frictional model employed TITAN2D simulations of the 2006 Merapi PDCs because of
by TITAN2D and other frictional geophysical mass flow models. field data showing a decrease in median diameter and increase
Instead, the constant retarding shear stress is inferred to in ash content with larger-volume PDCs and longer runout
represent an average, approximately constant value of retarding distances, indicating increased effects of fragmentation and
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fluidization during emplacement (Charbonnier and Gertisser,

2012). These observed changes in deposit granulometry

were closely linked with abrupt changes in the topography,

including slope breaks, and changes in channel cross-sectional

area and morphology (Charbonnier and Gertisser, 2012).

Stinton (2007) posited that channel constrictions can help

keep flows energized by increasing the frequency of grain

collisions as grain concentration increases.

Erosion and sedimentation. Larger-volume flows on

Montserrat are highly erosive, and result in both flow bulking

and the lowering of flow temperature (Cole et al., 2002). The

25 June 1997 flow traveled over areas not inundated by the

eruption to date, and eroded into the hydrothermally altered

prehistoric deposits (Cole et al., 2002). The 21 September

1997 flow eroded and incorporated pumice from the August

1997 column-collapse flows, trees, and material from houses.

Larger-volume flows remained erosive on slopes as low as

6-8° (Cole et al.,, 2002). Other workers have also investigated

sedimentological differences between PDCs of different sizes

(e.g., Charbonnier and Gertisser, 2011; Doronzo, 2012).

5. The polydispersity of grain sizes, shapes, and densities. Clasts
are supported differently within a flow, which leads to
segregation and stratification of flows, and thus variations in
flow rheology. Grain size variations also affect sedimentation
and erosion. The polydispersity of PDCs has also been shown
to greatly affect runout (Phillips et al., 2006).

Calder et al. (2002) identified a number of flow properties that
differed between passively generated (gravitational collapse of the
degassed dome carapace) and more actively generated (collapse
of the growing lava dome) PDCs. Similarly, Charbonnier
and Gertisser (2011) classified PDCs at Merapi into small-
medium runout BAFs and long-runout BAFs. Combining
these classifications results in Table7: Larger-volume flows
are characterized by factors that promote high degrees of
unsteadiness, including: sustained, actively generated collapse
sources often lasting tens of minutes to hours and high
velocity, highly erosive fine ash-rich flows that are often
unconfined and accompanied by large ash-cloud surges. This
may indicate why TITAN2D and VolcFlow tend to simulate
smaller-volume flows more readily than larger-volume flows,
as smaller-volume, discrete, PDCs may be easier to replicate
with models that utilize flow-average behavior through time and
space.

While both models can simulate pulses as a series of fluxes
through time, they cannot capture the effects of increasing
excavation of pressurized dome material, the smoothing effects of
initial pulses on the topography, or the erosion and incorporation
of previous pulses by subsequent ones during a sustained collapse
event, which can last for hours (Cole et al., 2002). TITAN2D

Breard and Lube, 2017) can be captured. Creating coupled
two-phase flow models with an ash-cloud surge component and
simple sedimentation laws is an active area of development for
both TITAN2D (Pitman et al., 2013; Sheridan et al., 2013) and
VolcFlow (Kelfoun, 2017).

It is well-known that mass flows such as PDCs and debris
flows do not behave as simple materials with fixed rheologies
(e.g., Iverson and Vallance, 2001; Dartevelle, 2004; Bursik et al.,
2005; Iverson and George, 2012; Sulpizio et al., 2014; Dufek,
2016). Instead, the rheology of the flows changes through
space and time due to many factors that contribute to the
unsteadiness of the flows, as listed previously. Iverson and George
(2012) propose that Coulomb friction forces may vary with
the pore-fluid pressure and granular temperature (a measure
of granular vibration), which would better capture the complex
rheologies of these flows. The resultant numerical model has
shown success in replicating both experimental and observed
debris flows without calibration (George and Iverson, 2011;
Iverson and George, 2012) but has not yet been tested for
PDCs.

While the models compared herein have been tested against
natural examples from SHV, Montserrat, and previously against
small bench-top experiments (Kelfoun and Druitt, 2005; Patra
et al., 2005), it may also be pertinent to test them against other
comprehensive field-based datasets at other volcanoes. Ogburn
et al. (2016) showed that differences in mobility of PDCs at
different volcanoes may be due to differences in channelization of
flows, which could, in turn, affect model selection. It would also
be interesting to compare these models against more controlled
and measured, large-scale experimental results using natural
materials (Iverson, 2003). Large-scale granular flow experiments
at the PELE experimental apparatus (Lube et al.,, 2015) have
revealed important insights into the dynamic behavior of PDCs
(Lube et al., 2015; Breard et al., 2016; Breard and Lube, 2017);
and alongside other proposed endeavors (e.g. Valentine et al.,
2011b) could provide an important benchmarking case for
geophysical mass flow models. With more benchmarking studies,
PDC modeling best-practices for hazard assessment purposes
could be developed by the PDC modeling community and
could provide an important resource for using these models
operationally.

CONCLUSIONS

The geophysical and empirical models investigated here are able
to reproduce the inundated area and runout of smaller- and
larger-volume, confined and unconfined dense-basal avalanche
components of PDCs with varying degrees of accuracy.

simulations using multiple fluxes do not differ in runout from e TITAN2D and VolcFlow are both able to recreate a variety of
those using single fluxes. Charbonnier et al. (2013) showed PDCs, although they perform better when simulating discrete,
similar results using both TITAN2D and VolcFlow. single pulse, smaller-volume flows.

Additionally, TITAN2D and VolcFlow are single-phase e Larger-volume flows are often sustained, pulsatory and thus
and depth-averaged, and thus only simulate the dense-basal highly unsteady, and density stratified, and the simple
undercurrent. None of the interplay between dense-basal rheological models of TITAN2D and VolcFlow are not able to
undercurrent and ash-cloud surge (e.g., Breard et al, 2016; recreate all features of these flows.
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TABLE 7 | Summary of smaller- vs. larger-volume PDCs on Montserrat, after discussion in Calder et al. (2002) and Charbonnier and Gertisser (2011).

Smaller-volume PDCs

Larger-volume PDCs

COLLAPSE MECHANISMS
Volume <12 x 108 m3
Generation mechanism Discrete collapses, passively generated
Gas content of material Auto-brecciation, but mostly degassed

Explosive component Not observed

FLOW CHARACTERISTICS
Velocity <30m-s~!
Degree of erosion Low

Degree of fragmentation Fine-ash poor

Channelization Completely channelized

Ash-cloud surge Smaller-volume deposits around bends

Transport Quasi-steady to unsteady granular flow
>10°
Valley-confined, flat surfaces, with well-defined

lobate margins

Slopes of deposition
Deposit morphology

FLOW MOBILITY

Runout <3-4 km
Area covered <0.1 km?
AH/L basal friction angle >10°

Sliding vs. spreading ratio <1 (sliding dominated)

>1-2 x 108 m3
Sustained collapses with multiple pulses, actively generated
Gas-rich, auto-brecciation

In some cases

Upto 75 m-s~1, sometimes with blast components of 100 m-s~1. Flows
continue at relatively high velocities (8 m-s—1) until deposition

Highly erosive
Fine-ash rich

Often unchannelized, especially in distal regions as channels empty onto
alluvial fans or coastal plains

Larger-volume deposits covering large areas, often becoming detached
from the dense-basal avalanche at valley constrictions

Highly unsteady
<10°

Valley-confined proximally, unconfined distally on plains, ridged surfaces,
gradually thinning poorly defined margins

>4 km

>0.4 km?

<10°

>1 (spreading dominated)

e Empirically-based LAHARZ and AH/L cones can be quick,
first-approximations of flow runout, provided a database of
similar flows, e.g., FlowDat, is available to properly calculate
AH/L or the coefficients for planimetric and cross-sectional
area.

e For TITAN2D and VolcFlow, field measurements of real PDCs
can provide estimates for input parameters, with the best-fit
model runs only requiring a slight and systematic calibration
of input parameters (Figure 8), and thus avoiding the necessity
of using completely fitted parameters, a weakness of many
geophysical models (Iverson, 2003). For many PDCs, the
deposit-derived model run results were roughly comparable to
the best-fit results.
For forward modeling purposes, TITAN2D basal friction can
be estimated from the empirical relationship between the basal
friction angle (AH/L) and volume (Figures 2, 8). However,
VolcFlow CRS cannot be empirically-estimated, and instead
must be varied within a reasonable range (5-50 kPA, Kelfoun
et al., 2009).
Operational aspects of these models should also be taken into
account when deciding on a choice of models for use in hazard
mapping (e.g., Table 5). For example, geophysical models like
TITAN2D and VolcFlow can be useful for producing both
scenario-based or probabilistic hazard maps, but must be
run many times (indeed, many thousands of times for true
probabilistic maps) with varying input parameters. LAHARZ
and AH/L cones can be used to produce simple modeling-
based hazard maps when run with a variety of input volumes,
but do not explicitly consider the probability of occurrence of
different volumes.
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