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Abstract Using the FLOWGO thermo-rheological model
we have determined cooling-limited lengths of channel-
fed (i.e. ‘a‘ā) lava flows from Mauna Loa. We set up the
program to run autonomously, starting lava flows from
every 4th line and sample in a 30-m spatial-resolution
SRTM DEM within regions corresponding to the NE and
SW rift zones and the N flank of the volcano. We consider
that each model run represents an effective effusion rate,
which for an actual flow coincides with it reaching 90%
of its total length. We ran the model at effective effusion
rates ranging from 1 to 1,000 m3 s�1, and determined the
cooling-limited channel length for each. Keeping in mind
that most flows extend 1–2 km beyond the end of their
well-developed channels and that our results are non-
probabilistic in that they give all potential vent sites an
equal likelihood to erupt, lava coverage results include the
following: SW rift zone flows threaten almost all of
Mauna Loa’s SW flanks, even at effective effusion rates
as low as 50 m3 s�1 (the average effective effusion rate for
SW rift zone eruptions since 1843 is close to 400 m3 s�1).
N flank eruptions, although rare in the recent geologic
record, have the potential to threaten much of the coast-
line S of Keauhou with effective effusion rates of 50–
100 m3 s�1, and the coast near Anaeho‘omalu if effective
effusion rates are 400–500 m3 s�1 (the 1859 ‘a‘ā flow
reached this coast with an effective effusion rate of
�400 m3 s�1). If the NE rift zone continues to be active
only at elevations >2,500 m, in order for a channel-fed
flow to reach Hilo the effective effusion rate needs to be
�400 m3 s�1 (the 1984 flow by comparison, had an ef-
fective effusion rate of 200 m3 s�1). Hilo could be
threatened by NE rift zone channel-fed flows with lower
effective effusion rates but only if they issue from vents at
�2,000 m or lower. Populated areas on Mauna Loa’s SE

flanks (e.g. Pāhala), could be threatened by SW rift zone
eruptions with effective effusion rates of �100 m3 s�1.

Keywords Mauna Loa · Effusion rate · Channel-fed ·
Hazard · DEM · SRTM

Introduction

The lava flow hazard on the flanks of Mauna Loa is a
great concern to State and County planners and Civil
Defense officials because eruptions are frequent and be-
cause of the growing population living there. There have
been 33 eruptions of Mauna Loa since 1843 (Lockwood
and Lipman 1987) and flows from these cover 14% of the
subaerial surface (Trusdell 1995). Sixteen of these erup-
tions resulted in a total of 29 flank lava flows (Lockwood
and Lipman 1987; Rowland and Walker 1990), and 23 of
these were channel-fed ‘a‘ā flows with initially rapid
flow-front velocities.

Although the population of Hawai‘i dropped precipi-
tously after the arrival of Westerners in 1778 because
native Hawaiians had no resistance to western diseases
(e.g. Diamond 1999), this decline halted in 1875 mainly
due to the influx of foreigners. Since then the number of
people living in Hawai‘i has increased significantly (e.g.
Trusdell 1995). United States Census data show a 240%
increase in the population of the island of Hawai‘i be-
tween 1960 and 2000 (a 6% increase/year; Office of
Planning 2003a). In some areas of the island the popu-
lation has increased at an even higher rate. For example,
in Hawaiian Ocean View Estates, a subdivision just
downhill from the axis of the SW rift zone of Mauna Loa,
the population increased by >100% between 1990 and
2000, more than 10%/year (Office of Planning 2003b).

Maps that delineate lava flow hazard zones are based
primarily on the frequency of coverage by lava flows,
probable locations of future eruptive vents, and on topo-
graphy that is sufficient to either alter or block flow paths
(Guest and Murray 1979; Mullineaux et al. 1987; Heliker
1990; Wright et al. 1992; Wadge et al. 1994; Felpeto et al.
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2001). Frequency of lava flow coverage is determined by
careful field mapping and age dating, and roughly de-
creases with distance from concentrations of eruptive
vents (e.g., rift zones; Guest and Murray 1979; Mulli-
neaux et al. 1987; Heliker 1990; Wright et al. 1992).
Guest and Murray (1979) mapped potential lava coverage
on Etna (Sicily) by combining vent concentration data,
topographically determined flow paths, and a vent-alti-
tude vs. flow-length relationship from Walker (1974).
They also analyzed the topography of Etna to determine
which potential vent areas threaten each town on the
lower slopes of the volcano.

A more quantitative approach for the same volcano
was presented by Wadge et al. (1994). They noted that
Etna flows tend either to be narrow and simple (Type A)
or wide and complex (Type B; see below). They then
determined the probability that a new vent would produce
either a Type A or B flow field based on its distance from
zones on the volcano that had previously produced these
types of flows. They combined these probable vent lo-
cations and flow types with a numerical flow model
(FLOWFRONT; Young and Wadge 1990) that ran over a
Digital Elevation Model (DEM) to produce a probabilistic
map of flow inundation.

Similarly, Felpeto et al. (2001) assessed the probability
of eruption from particular parts of the rift zone on
Lanzarote (Canary Islands) and combined this with
downslope paths to map the probability of lava coverage.
Both the Guest and Murray (1979) and Felpeto et al.
(2001) studies noted that towns occur almost exclusively
in areas that are less likely to be covered by lava flows,
almost certainly because the population has recognized
the inundation patterns.

The above examples started with probable vent loca-
tions (based on a number of criteria) and let the resulting
lava flows head downhill, deriving coverage frequency
statistics from the modeled flows. The detailed proba-
bilistic approach of Kauahikaua et al. (1995) differs in
that it utilized measured downslope coverage frequency
(in 9-km2 areas of Mauna Loa). These measured fre-
quencies were combined with DEM-derived catchment
basins to predict potential downflow paths. The combi-
nation was used to delineate small-scale variations within
larger hazard zones (e.g. those of Mullineaux et al. 1987;
Heliker 1990; Wright et al. 1992).

In the work presented here we have adopted some of
the approaches presented in the previous studies. A major
difference is that we employ a thermo-rheological model
(FLOWGO; Harris and Rowland 2001) that determines
flow length based on starting effusion rate, input rheo-
logical and temperature parameters, and the underlying
slope. To be a useful tool for flow-coverage determina-
tions we ran the model from multiple potential vent lo-
cations at multiple effusion rates. The downslope distance
that a flow of a particular effusion rate will reach is thus
determined from FLOWGO, and areal coverage resulting
from that effusion rate is derived by contouring multiple
downslope flow ends produced by multiple model runs
over a DEM. The starting points (i.e. vents) of the model

runs are based on the locations of existing vents in pub-
lished geological maps (e.g. Lockwood and Lipman
1987). Our approach is non-probabilistic in that it does
not consider past patterns of lava inundation nor do we
consider any variation in likelihood of eruptions within
our potential vent areas. One advantage to this approach is
that we do not require knowledge of lava flow ages to
derive the inundation patterns.

The FLOWGO thermo-rheological model

FLOWGO (Fig. 1; Harris and Rowland 2001) follows an
element of lava in an established channel. At the end of
each 1-m down-channel step the model calculates all
heat-loss and heat-gain terms. These are used to calculate
a new flow-core temperature which is in turn used to
adjust rheological properties. Finally, the new rheological
properties are combined with the underlying slope to
determine the velocity with which the element will tra-
verse the next 1-m increment. Flow in the channel is
considered to have stopped when any one of the following
three conditions are met: (1) velocity becomes zero; (2)
the temperature of the flow core reaches the solidus; or
(3) the yield strength of the lava is greater than the shear
stress at the base of the channel. Note that with FLOWGO
we are modeling the length of the well-established
channel. Actual lava coverage would include the typically
1 to 2 km-long zone of sheared and dispersed flow
(Lipman and Banks 1987) that extends beyond the
channel.

Harris and Rowland (2001) compared FLOWGO-de-
rived results with flows from Mauna Loa, Kı̄lauea, and
Etna for which vent locations, eruption durations, effusion
rates, and channel dimensions were known. Within ranges
necessitated by uncertainties in lava properties such as
viscosity, yield strength, vesicularity, and density,

Fig. 1 Diagram showing the heat loss terms (light arrows) and heat
gain terms (dark arrows) in FLOWGO. Qrad=radiative heat loss,
Qconv=forced or free convective heat loss, Qcond=conductive heat
loss (to levees and base), Qrain=heat lost due to rain (almost always
negligible), Qcryst=latent heat of crystallization, Qvisc=viscous dis-
sipation
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FLOWGO-derived channel lengths were within 10% of
known channel lengths. In a recent application, Rowland
et al. (2003) used FLOWGO to constrain eruption pa-
rameters for the otherwise mostly unobserved 1995 Fer-
nandina and 1998 Cerro Azul eruptions in the Gal�pagos.

Here, with the goal of estimating the potential for lava
inundation on Mauna Loa, we use FLOWGO to estimate
channel lengths for flows that have not yet occurred. We
therefore do not know the starting vent locations other
than that they must be within the regions of Mauna Loa
where eruptions have occurred previously, specifically the
NE and SW rift zones as well as the N flank (e.g. Mac-
donald et al. 1983; Lockwood and Lipman 1987). Note
that for our modeling purposes an intra-caldera eruption is
effectively an upper rift-zone eruption with a vent located
where the lava spills out of the caldera. We modeled ef-
fusion rates (see below) between 1 and 1,000 m3 s�1,
which is within the range observed or measured previ-
ously on Mauna Loa (Rowland and Walker 1990). We
were not modeling any particular eruption but instead
attempting to bracket all probable scenarios to give a
general indication of what areas of the volcano have the
potential to be inundated by cooling-limited flows of
given effusion rates.

For the work presented here, we modified FLOWGO
in three major ways to account for the potential range in
effusion rate and vent location. The first of these allows
the program to determine its own downslope path across a
DEM. The second allows effusion rate to be an input
rather than derived parameter. The third automatically
moves the starting point of the downslope path so that it
can encompass all probable eruption sites on the flanks of
Mauna Loa. Additionally, since the original FLOWGO
paper was published we have made a few minor modifi-
cations that improve the basic mechanics of the model
(Appendix).

Utilizing a DEM to derive the flow path

We used an interferometric DEM produced by the Shuttle
Radar Topography Mission (SRTM; Zebker et al. 1994;
Farr et al. 1995). These data were collected in February of
2000. SRTM DEMs of the United States have a spatial
resolution of 30 m and a nominal relative vertical accu-
racy (i.e., within a single image) of 10 m. The data are
available via ftp from the following United States Geo-
logical Survey website: http://srtm.usgs.gov/data/obtain-
ingdata.html.

Interferometric DEMs are preferable over DEMs de-
rived by interpolation of contours or spot elevations be-
cause the interpolation process often produces artifacts on
a scale large enough to affect downslope flow paths. On
the other hand, radar energy cannot penetrate thick veg-
etation and in such areas the resulting elevations in an
interferometric DEM represent values somewhere within
the vegetation canopy rather than the ground (e.g. Imhoff
et al. 1986). This means that where there are distinct
vegetation height changes, for example at the boundaries

of lava flows of very different ages or at the boundary
between forested land and cleared land, the resulting
“topographic” barriers can have a significant effect on
modeled downslope paths. These effects potentially range
from nothing to diversion to blockage if the boundaries
are respectively parallel to, sub-parallel to, or perpen-
dicular to, the general downslope direction. Away from
such boundaries, however, as long as the forest canopy
roughly mimics the underlying topography (i.e., the trees
are all essentially the same height), this vegetation
problem does not have a large effect on deriving
downslope paths. We compared our downslope paths to a
vegetation map and could not identify any cases where
vegetation boundaries caused obvious deviations or bar-
riers. Because our goal was to determine the downslope
extent of many channels associated with many effusion
rates rather than to model specific flow paths, even if they
occurred such deviations would not affect our overall
conclusions.

From each starting pixel, the program determines
which of the nearest eight pixels produces the maximum
downslope gradient. The program then moves to this pixel
and repeats the maximum nearest gradient determination,
eventually producing a downslope path. If an enclosed
depression is encountered, the program fills the depres-
sion and then continues on downslope.

Simple, cooling-limited, channel-fed ‘a‘ā flows
vs. compound, volume-limited, tube-fed pāhoehoe flows

Basaltic eruptions can be typified by two different effu-
sion rate relationships which produce two different types
of flow field, most generally termed simple and com-
pound (Walker 1972). Simple flows consist of one to a
few individual flow units or branches, are much longer
than they are wide (Kilburn and Lopes 1988), and develop
during eruptions that have effusion rates that decrease
rapidly from an initially high rate (e.g. Wadge 1981).
Examples are the 1981 Etna flow (Guest et al. 1987) and
most channel-fed ‘a‘ā flows in Hawai‘i (Rowland and
Walker 1990), including the 1984 Mauna Loa flows dis-
cussed in more detail below. Individual channel-fed ‘a‘ā
flows from Pu‘u ‘Ō‘ō (Wolfe et al. 1988; Heliker et al.
2001; Heliker and Mattox 2003) show very little variation
in width over slopes that vary from near zero to 25� (e.g.
Rowland and Garbeil 2000).

A critical factor with respect to lava inundation haz-
ards are the processes that cause a flow to stop. Most
channelized lava flows are cooling limited (Guest et al.
1987; Pinkerton and Wilson 1994; Wright et al. 2001),
meaning that heat losses cause the lava to lose its ability
to flow beyond a particular distance regardless of the
duration of supply from the vent. This maximum distance
is attained during the early part of the eruption (see be-
low). Simple, cooling-limited flows were termed Type-A
flows by Wadge et al. (1994), are what the FLOWGO
model was written to consider, and are the subject of the
work presented here.
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In contrast, compound flow fields consist of innu-
merable small flow units, typically have low length:width
ratios (Kilburn and Lopes 1988), and are produced by
eruptions that are dominated by essentially constant but
low effusion rates that may last for months or even years.
Examples include the 1983 Etna flow (Guest et al. 1987)
and most pāhoehoe flows in Hawai‘i (Rowland and
Walker 1990). Other than on the near-horizontal coastal
plain where they tend to widen, tube-fed pāhoehoe flow
fields from Kūpaianaha and Pu‘u ‘Ō‘ō show little varia-
tion in width (Heliker et al. 2001; Heliker and Mattox
2003) over slopes ranging from �1 to 25� (Rowland and
Garbeil 2000).

Because compound flows are typically tube-fed and
therefore well insulated, they are volume limited (Guest et
al. 1987), meaning that they do not stop advancing until
supply from the vent ceases. These are the Type-B flows
of Wadge et al. (1994). FLOWGO was not originally
written to consider volume-limited flows, and below we
briefly discuss our mostly unsuccessful attempt to model
them.

As noted above, 16 eruptions have produced 29 major
flank lava flows on Mauna Loa since 1843. Ten of the 16
eruptions had durations ranging from 5 to 38 days (av-
erage=17 days) and produced only cooling-limited,
channel-fed ‘a‘ā flows. Four eruptions (1843, 1859,
1880–81, and 1935–36) had durations ranging from 40 to
�300 days (average=178 days) and initially also pro-
duced channel-fed ‘a‘ā flows. However, after a couple
weeks of producing channel-fed ‘a‘ā, these 4 eruptions
switched to producing tube-fed pāhoehoe, and this con-
tinued for the rest of their durations. These were termed
“paired eruptions” by Rowland and Walker (1990). The
1855-56 eruption lasted �450 days and the 1899 eruption
lasted 21 days. Both were probably also paired eruptions,
however, the flow types and eruptive activity are poorly
constrained.

Therefore, of the 29 flank lava flows erupted on
Mauna Loa since 1843, at least 23 were channel-fed ‘a‘ā.
The average flow-front velocity (flow length divided by
eruption duration) of these flows ranged from �30 to
>2,000 m h�1 (ignoring one poorly constrained flow with
an anomalously low value). In only a few cases, eruption
accounts allow instantaneous flow-front velocities to be
calculated for these ‘a‘ā flows, and these range from
�250 to >9,000 m h�1 (Rowland and Walker 1990), but
the point during each eruption when these velocities were
measured varies. The 1950 SW rift zone eruption (Finch
and Macdonald 1950; Macdonald and Finch 1950) pro-
duced six ‘a‘ā flows and these include the highest mea-
sured flow-front velocities in the entire data set. Three of
these flows crossed HWY 11, the only major road in the
area both then and now, 12–14 h after starting from the
rift zone, and all three eventually entered the ocean.

Over a longer time period, Lockwood and Lipman
(1987) point out that although the surface of Mauna Loa
is made up of roughly equal amounts of ‘a‘ā (mostly
channel-fed) and pāhoehoe (mostly tube-fed), the distri-
bution is not uniform. In particular, the rift zones have

been much more likely to produce ‘a‘ā, especially during
the past �750 years. Much of the tube-fed pāhoehoe that
helps to even out the overall percentages was produced
prior to then by overflows from Moku‘āweoweo (the
summit caldera).

Effusion rates and effective effusion rates

A rapidly decreasing effusion rate is common to many
basaltic eruptions worldwide (e.g. Wadge 1981; Harris et
al. 2000). However, for any one run of FLOWGO in its
current configuration, only a single effusion rate can be
input. We initially considered modeling either the maxi-
mum or the mean effusion rates but the use of either is not
reasonable geologically. In the following, using data from
the 1984 Mauna Loa eruption, we present the concept of
an “effective” effusion rate that corresponds roughly to
the maximum length that a cooling-limited flow can reach
(Fig. 2).

Descriptions of eruption events as well as flow length
data in Fig. 2 are derived from Lockwood et al. (1987).
The longest 1984 flows issued from a vent at about
2,900 m elevation on the NE rift zone, and this vent
opened on the afternoon of the first day of the eruption
(March 25), approximately 12 h after the initial, higher
elevation, eruption onset. The first of the two longest
flows, Flow 1, had advanced 15, 20, and 22 km away
from the vent after 1, 2, and 3 days, respectively (Fig. 2).

Fig. 2 Graph of effusion rate and flow length vs. time for flows
issuing from the �2,900 m elevation vent during the 1984 eruption.
Flow length data (triangles) are from Lockwood et al. (1987). Ef-
fusion rate data (circles) are from Lipman et al. (1985) and Lipman
and Banks (1987). The dashed line is a best-fit logarithmic fit to the
effusion rate data, calculated with the same value (305 m3 s�1; open
bar) for days 1, 2, 3, and 4. The 800 m3 s�1 value for the eruption as
a whole (see text) was not used in calculating the logarithmic fit.
Grey bands relate 90% of the flow length with effective effusion
rate via dashed grey band
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On day 3.5 a breach in the channel �13 km downstream
from the vent cut off supply to the lowest �10 km of
Flow 1. Flow 1A issued from this breach and advanced
alongside Flow 1. Flow 1A advanced rapidly for about 3
days but slowed considerably once it too had advanced
�25 km from the vent. Another breach, this time �10 km
from the vent, starved Flow 1A and formed Flow 1B.
Flow 1B and later channel outbreaks never traveled more
than a few km from their origins. Considered together,
Flows 1 and 1A extended 26.5 km from the 2,900-m vent
and 90% of this distance was attained within the first 4–5
days.

Effusion rates also decreased rapidly during the early
part of the eruption (Fig. 2; data from Lipman et al. 1985;
Lipman and Banks 1987). At the onset of the overall
eruption (i.e., prior to initiation of activity at the �2,900-
m vent), the effusion rate was >800 m3s�1. For activity
from the �2,900-m vent, which we are concerned with,
an effusion rate of slightly more than 300 m3 s�1 was
reported for days 1, 2, and 3 based on a volume estimated
in the field and divided by time. Lipman and Banks
(1987) noted that within the uncertainty of their data, a
decay in effusion rate during these three days could not be
ruled out. Only by day 4 were instantaneous effusion rate
measurements possible. In Fig. 2 we fit a power law de-
crease to the effusion rate data, and this extrapolates back
to a value of around 500 m3 s�1 during the first few hours
of activity at the 2,900-m vent.

An inverse relationship can be considered between the
effusive driving force and the length of the efficient
channel that was able to carry lava to the flow front. Early
on, the effusion rate was high but there was no well-
established channel and the lava lost considerable energy
flowing as unconfined sheets over rough pre-existing
ground. As the flow advanced, a channel developed
(Lipman and Banks 1987), and allowed more efficient
delivery of lava to the flow front. However, by this time
the effusion rate had decreased, meaning that the highest
effusion rate never coincided with the greatest length of
efficient channel. Thus, all the (rapidly decreasing) effu-
sion rates during the first 4–5 days contributed towards
getting the flow front 90% of its eventual distance from
the vent.

Our challenge, because FLOWGO can only accom-
modate a single effusion rate, is to select a value within
the early effusion rate range that corresponds to this 90%
of the flow length. Figure 2 shows that the time associated
with the flows reaching 90% of their length corresponds
to an effusion rate on the best-fit curve of �200 m3 s�1. It
is this 200-m3 s�1 effusion rate value that we consider to
be the effective effusion rate for the Flow 1/Flow 1A
combination. Accordingly, as our results below indicate,
when input into FLOWGO, an effusion rate of 200 m3 s�1

produces a flow length corresponding reasonably well
with that of Flows 1 and 1A.

Although quantitative data are unavailable for a simi-
lar analysis of other Mauna Loa eruptions that produced
channel-fed ‘a‘ā flows, the situation probably was quali-
tatively the same. For example, the 1950 eruption lasted

for 23 days, however, after less than 24 h of activity, three
separate flows had traveled the �15 km distance from the
rift zone vents to the coastline (Finch and Macdonald
1950; Macdonald and Finch 1950). By days 4 and 5 ac-
tivity in these and other 1950 flows had decreased and the
last 18 days of the eruption were characterized by waning
activity both in the lava channels and at the vent, and
mostly stagnant flow fronts (Finch and Macdonald 1950).

Effective effusion rates as an input parameter

Because of our desire to model a set range of effective
effusion rates, we modified FLOWGO so that effective
effusion rate could be an input parameter. Previously in
FLOWGO, at-vent channel width and depth are input
parameters and these, multiplied by the calculated at-vent
mean velocity, produce the effective effusion rate. Note
that although the critical variable is the depth of lava
flowing in a channel, we use the term channel depth for
convenience. Mean velocity in the channel (Vc) is derived
from a modified version of the Jeffreys equation (Jeffreys
1925), and adapted here (as described in the Appendix)
from Moore (1987):

Vc ¼ d2rlavag sin q=3hlava

� �
1� 3=2ð Þ YScore=tbase�of�channelð Þf

þ 1=2ð Þ YScore=tbase�of�channelð Þ3g ð1Þ
In Eq. 1 , d is channel depth, rlava is lava density, g is
gravitational acceleration, q is the underlying slope, hlava
is lava viscosity, YScore is the yield strength of the flow
core, and tbase-of-channel is the amount of shear stress re-
quired to deform the lava at the base of the channel. Mass
is conserved in FLOWGO, meaning that the at-vent mean
velocity and channel dimensions determine the effective
effusion rate for the entire length of the flow.

An iterative approach allows us to treat effective ef-
fusion rate as an input parameter. First, once a vent lo-
cation and a particular effective effusion rate are chosen,
FLOWGO determines the steepest downslope path from
this location and calculates an average slope along the
first 10 DEM pixels of this path. Using this average slope
it then iterates on channel dimensions until the desired
effective effusion rate is achieved, with the condition that
along this uppermost part of the channel, the cross-section
is square (depth=width). The square cross section avoids
apriori assumptions about channel shape. FLOWGO
holds channel depth constant along the entire flow path
whereas channel width varies to conserve mass as ve-
locity varies (Harris and Rowland 2001).

Running FLOWGO from multiple starting locations

FLOWGO was developed to model lava flows with
known vent locations. In the present study our goal in-
stead is to determine channel lengths for eruptions starting
at any geologically reasonable vent location on Mauna
Loa (the NE and SW rift zones plus the N flank). For the
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purpose of running the FLOWGO program, we define all
these vent locations, considered together, as the vent
mask.

We developed a routine that runs FLOWGO from
multiple pixels within the vent mask. This routine runs the
thermo-rheological part of the program down the DEM
with a desired effective effusion rate (see above) until the
lava stops due to one of the stopping criteria. It then
repeats the process at that same pixel for the next effec-
tive effusion rate, and so on until all effective effusion
rates are run. For each starting pixel the downslope paths
for each effective effusion rate differ only in length. After
running through all the desired effective effusion rates,
the program moves to the next starting point within the
mask and repeats the whole process. We tested the sen-
sitivity of the model to subsampling pixel starting loca-
tions, and found that the results of using every 4th pixel
were similar to those achieved using every pixel.

Using every 4th pixel rather than every pixel reduced
the number of FLOWGO runs by a factor of 16 although
the total number of starting pixels within the vent mask
still exceeded 53,000. For the channelized-flow portion of
the current study we used effective effusion rates of 1, 5,
10, 50, 100, and 200, 500, and 1,000 m3 s�1, resulting in
�424,000 runs of FLOWGO. We could have reduced the
number of starting pixels even more by considering only
pixels making up the downhill boundary of the potential
vent regions (Kauahikaua et al. 1995), although this
would have prevented determination of flow paths within
the vent regions themselves.

Figure 3 shows a sample of downslope paths for a
portion of the SW rift zone. Note that there is a distinct
coalescence from many upslope paths to few downslope
paths. The pattern is similar to a stream tributary system
and gives the mistaken impression that there are areas of
the volcano (which get larger downslope) that lava will
never cover regardless of vent location. A similar result
was noted by Kauahikaua et al. (1995). The whole surface
of Mauna Loa has received lava at some time in the past
so clearly flows can cover any location that is not topo-
graphically protected or does not require travel uphill.

The apparent lack of inundation in particular downs-
lope areas arises for three reasons. The first is related to
the quantizing of topography by the DEM. In reality,
topography has infinite variability at all scales (e.g. Glaze
and Baloga 2003) but it is not possible to duplicate this
with a DEM that has a distinct pixel size, which in this
case is 30 m. We tested the program over a DEM with 10-
m spatial resolution derived from interpolated contours.
We found that although the number of potential starting
locations and resulting paths increased (with decreased
spacing between them), there was still a distinct coales-
cence of paths downslope, resulting in apparently un-in-
undated areas. The 10-m spatial resolution DEM was not
produced interferometrically so it also allowed us to
confirm the lack of vegetation-induced artifacts in the 30-
m spatial resolution SRTM DEM (see above). Second,
early in most eruptions, vents are linear sources oriented
obliquely to the nearby downslope direction. Near such

vents, the aggregate surface flow is essentially as wide as
the vent is long, but not very far downslope the lava
coalesces into one or a few considerably narrower flows.
Although we did not attempt to model linear vents, our
approach approximates the coverage from such vents by
way of the multiple, closely spaced potential point sour-
ces. Finally, lava flows have width, meaning that an ad-
vancing flow front inundates a swath rather than a line.
Even though the exact center of a flow may not pass over
a particular location, such a location can very likely be
covered by lava. We can produce greater areal coverage
by giving our flow paths an arbitrary width based on, for
example, the average width of observed Mauna Loa ‘a‘ā
flows. However, in the current study we are not at-
tempting to model any individual flow paths or even their
aggregate distribution and coverage. Instead, our goal is
to determine the potential downslope distance that par-
ticular effective effusion rate flows can reach. For all
calculations, starting (= at-vent) lava properties (rheology,
eruption temperature, vesicularity, etc.) are those of the
1984 flow (see Harris and Rowland 2001) because during
this most recent Mauna Loa eruption, these properties
were measured most accurately.

Fig. 3 Flow paths generated by starting at every 4th line and
sample in a 30-m spatial resolution SRTM DEM, for a portion of
the upper SW rift zone. Elevation contours (dashed) are every
500 m. Note that multiple upslope paths merge into an ever-smaller
number of downslope paths. If flow width is not taken into account,
this leaves large areas of the slope seemingly immune to lava in-
undation (see text)
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Results

Results for channel-fed flows are shown in Fig. 4, where
effective effusion-rate-derived channel length contours
are superimposed on a Landsat Enhanced Thematic
Mapper+ (ETM+) image (Mouginis-Mark et al. 2003).
The contours were drawn by hand to purposely smooth
small-scale variations. Recall that FLOWGO determines
the distance that lava can travel down an existing channel,
meaning that the lengths derived by FLOWGO are those
of the established channel. As noted above, this is usually
one to a few km shorter than the total flow length (Lip-
man and Banks 1987). Given our assumptions, the con-
tours presented here are therefore minima with respect to
lava inundation. In each effective effusion rate discussion
presented below, we move clockwise starting with the W

flank of the SW rift zone, moving to vents from the N
flank, NE rift zone, and finishing with the E flank of the
SW rift zone. The discussion is in order of increasing
effective effusion rate and for each of these we discuss
only those areas threatened by the increase. In no instance
does an increase in effective effusion rate cause an area
already threatened by a lower rate to become safe.

Effective effusion rate = 1�10 m3 s�1

Channels do not extend more than a few km from vent
locations and do not pose a threat to any populated lo-
cations except for the upper portions of Hawaiian Ocean
View Estates near the lower end of the SW rift zone.
Because radial vents occur in such a large area of the N

Fig. 4 Results for channel-fed flows superimposed on a portion of
a cloud-free Landsat ETM+ image. White dotted line highlights the
vent mask composed of rift zones and north flank. Solid color
contours generalize maximum channel lengths for effective effu-
sion rates indicated. A subset of flow paths is included (dashed
colored arrows). Note the outline of the main 1984 flow, which

issued from the �2,900-m vent (white), and that for it to have
reached Hilo at its effective effusion rate (200 m3 s�1), it would
have had to erupt from a location 15–20 km farther down-rift (e.g.
near Kūlani Prison). Diagonal ruled lines indicate areas that are
topographically protected from Mauna Loa flows. Highways are
shown with black and white lines and circled numbers
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flank (Lockwood and Lipman 1987), much of this region
could potentially be covered even by short flows. Note in
Fig. 4 that some of the 1-10-m3 s�1 flow paths give the
mistaken impression that such flows can be quite long,
particularly on the N flank. In reality, many of these flows
actually don’t make it out of the vent area and these long
paths are in fact aggregates of multiple short flows. From
the NE rift zone, the NOAA solar observatory and Kūlani
Prison could be threatened by such eruptions. There are
no human structures at risk from channel-fed, 1–10 m3 s�1

eruptions on the E flank of the SW rift zone.
Note that eruptions at these low effective effusion rates

are unlikely to produce channel-fed, cooling-limited
flows exclusively. Instead, particularly if the eruptions
persist, they are likely to produce lava tubes. As noted
above, tube-fed flows are not cooling-limited and there-
fore not suitable for modeling by FLOWGO (see below).

Effective effusion rate = 50 m3 s�1

Lava from the lowermost SW rift zone could reach the
coast along a short stretch from Wai’akukini to Pōhue
Bay, threatening the Hawaiian Ocean View Estates and
Hawaiian Ranchos subdivisions in the process. Lava from
the mid to upper SW rift zone could reach the coast be-
tween Hanamalo Pt. and Lepamoa Rock. Most of the
downslope part of this region consists of homes clustered
along HWY 11, the only major road on the southern part
of the Big Island. Evacuation would be difficult in some
cases (e.g. Kona Paradise Subdivision and Pāpā Bay Es-
tates), because homes there are arranged along roads that
run up- and down-slope. Similarly, the villages of
Hō’ōpuloa and Miloli’i occur at the bottom of generally
slope-parallel roads. In all these instances, the only ve-
hicular means of escape other than by boat would be
uphill, perhaps towards an oncoming flow. An effective
effusion rate of 50-m3 s�1 from the southern part of the N
flank could threaten HWY 11 and many of the homes
along it in the area south of Captain Cook. Such flows
from the northern part of the N flank would reach the
saddles between Mauna Loa and Hualālai and between
Mauna Loa and Mauna Kea, but these areas are essen-
tially uninhabited. Flows from the upper NE rift zone
likewise threaten only uninhabited forest as well as the
access road from HWY 200 to the NOAA observatory.
From the lowest part of the NE rift zone, however, homes
and farms on the NW outskirts of Volcano, Glenwood,
Mountain View, and Kurtistown would be threatened by
such a 50-m3 s�1 eruption. The SE wall of Moku‘āwe-
oweo, the summit caldera, protects the SE flank uphill
from the Kı̄lauea/Mauna Loa boundary between Kauhiuhi
and Kapāpala Ranch.

Effective Effusion rate = 100 m3 s�1

Flows heading west from the SW rift zone and southern
portion of the N flank could reach the coast all the way

from Wai‘akukini to Kealakekua Bay. Flows from the
northern portion of the N flank as well as from the upper
NE rift zone threaten uninhabited areas but in places
could reach HWY 200 (the Saddle Rd.). Flows from the
NE rift zone below �1,800 m elevation, could reach
Waiākea and other upslope suburbs of Hilo. S-directed
NE rift zone flows could threaten Glenwood and Kea’au
in addition to the other nearby towns that are already
threatened by 50-m3 s�1 flows. S-directed flows from the
uppermost NE rift zone could turn upon reaching the
Mauna Loa-Kı̄lauea boundary and flow SW as far as
Kapāpala Cave. The towns of Pāhala, Nā‘ālehu, and
Wai‘ōhinu could be threatened by SE-flowing 100 m3 s�1

flows from the SW rift zone, as would the coastline be-
tween Ka‘alu‘alu Bay and Ka Lae (South Point).

Effective Effusion rate = 200 m3 s�1

Depending on the vent location, an eruption of this
magnitude (which, as noted above, was the effective ef-
fusion rate of the 1984 eruption) could affect nearly all
locations on Mauna Loa that are not topographically
protected. From the SW rift zone, a 200-m3 s�1 flow could
reach the W coastline regardless of vent location. This
threatens all towns and houses above, along, and below
HWY 11 from Ka Lae to Captain Cook. Flows from the
southern half of the N flank could reach the coast almost
as far north as Keauhou (Keauhou itself is on the flank of
Hualālai and therefore protected topographically from
Mauna Loa lavas). The 200-m3 s�1 flows from the
northern portion of the N flank could threaten a stretch of
HWY 190 between Hualālai and Mauna Kea, but other-
wise no inhabited areas. Such flows from the upper NE
rift zone, as did the 1984 flow, threaten mostly forested
areas. An effective effusion rate of 200 m3 s�1 from the
NE rift zone below about 2,200 m, however, would
threaten most of Hilo and Hilo Bay. If directed S from the
mid to lower NE rift zone, such flows could reach all
towns along HWY 11 between Kea‘au and Volcano.
South-directed flows from the uppermost NE rift zone
could flow along the Mauna Loa/Kı̄lauea boundary and
reach the coast at Mahuka Bay. East-directed SW rift
zone flows could reach the SE coast from Mahuka Bay to
Ka Lae and in so doing potentially threaten Pāhala.

Effective Effusion rate = 500 m3 s�1

Flows could reach essentially the entire coastline of
southern Hawai‘i Island except for those portions pro-
tected topographically by Hualālai, Kı̄lauea, Moku‘āwe-
oweo, and the Kahuku Pali. Flows could also reach the
short segment of Mauna Loa coastline north of Hualālai,
extending from Keawaiki Bay �8 km NE to near Puakō.
The only region where cooling limitations would prevent
flows from extending to the coastline is a short segment
southeast of Hilo between Leleiwi and Pāpa‘i.

641



Effective Effusion rate = 1000 m3 s�1

Flows reach all coastlines of southern Hawai‘i Island
except those portions protected topographically by Hua-
lālai, Kı̄lauea, Moku‘āweoweo, and the Kahuku Pali. The
1,000 m3 s�1 effective effusion rate contour is not shown
in Fig. 4.

Tube-fed flows

Although FLOWGO was developed for open channels,
we attempted to adapt it to approximate tube-fed flows.
This was achieved by forcing the percent of crustal cov-
erage to be 100% along the entire flow length and giving
this crust a surface temperature of 60�C. We recognize
that fully crusted lava flowing in a channel is not the same
as lava flowing in a mechanically stable tube but we were
limited by constraints of the model. Additionally, unlike
true tube-fed flows, which are volume-limited, the
FLOWGO adaptation was cooling-limited.

As would be expected, the complete, cooler crust
provides greater insulation and allows each effective ef-
fusion rate to carry lava farther than in the partially-
crusted cases presented above. For example, our modeled
fully-crusted flow with an effective effusion rate of
10 m3 s�1 could extend into much of Hilo or reach all of
the SW coastline (partially-crusted flows at 10 m3 s�1

threaten almost no human structures; Fig. 4). However, no
100% crusted model flow with an effective effusion rate
of 10 m3 s�1 from the N flank extends to the coastline near
Keawaiki Bay, at the NW portion of Mauna Loa, which is
contrary to field evidence. As is discussed below, a
cooling-limited model with 100% crust considerably un-
derestimates the length of volume-limited tube-fed flows.

Discussion

Our results suggest that in addition to the frequency with
which particular regions have been covered by lava and
the topography-derived downslope paths of lava flows,
consideration of the cooling-limited nature of channel-fed
lava flows should be included when assessing potential
hazards. The flows that issued from the �2,900-m vent
during the 1984 eruption are included in Fig. 4. Note that
the vent is within the NE rift zone part of the vent mask
and that the flow front lies between the 100 and 200-
m3 s�1 effective effusion rate contours. These contours are
maximum downslope channel lengths that would be at-
tained from vents on the downslope edges of the vent
masks. Shifting the upslope end of the 1984 flow outline
to the downslope edge of the vent mask shifts the flow
front nearly to the 200-m3 s�1 contour. As noted in the
discussion above, 200 m3 s�1 was defined as the effective
effusion rate for the 1984 flow based on its coincidence
with the flow reaching 90% of its eventual length (Fig. 2).
We are encouraged by this result, particularly recalling
that in reality there is considerable variation in modeled

flow lengths due to uncertainties in input rheological
variables (Harris and Rowland 2001).

Obviously, assessments of potential hazards can also
be made more useful by considering prior eruptive be-
havior of the volcano. However, comparison with pre-
1984 eruptions of Mauna Loa is difficult because only
mean effusion rates (total flow volume divided by erup-
tion duration) are available. The effective effusion rate for
the 1984 flows that issued from the �2,900-m vent was
200 m3 s�1, and we note that this is approximately twice
the mean effusion rate for the eruption as a whole
(�115 m3 s�1). For the following discussion of pre-1984
channel-fed flows, we will assume that the effective ef-
fusion rate is roughly twice the mean effusion rate.

For the 7 channel-fed flows that have been erupted
from Mauna Loa‘s NE rift zone since 1843, the mean
effusion rates ranged from a poorly constrained 19 m3 s�1

(in 1880) to 157 m3 s�1 (in 1942). The average was
�80 m3 s�1, which by the relationship noted above cor-
responds to an effective effusion rate of �160 m3 s�1.
Additionally, over this same period no NE rift zone
eruption has occurred below an elevation of �2,500 m.
Thus although Fig. 4 shows that channelized flows with
effective effusion rates between 100 and 200 m3 s�1 could
reach much of Hilo, such an occurrence is less likely
because it would require a vent at an elevation below
�2,000 m.

Cooling limitations to flow length are also illustrated
by the two lowest-elevation NE rift zone eruptions, which
occurred in 1852 and 1942 from vents at 2,520 and
2,760 m elevations, respectively (Macdonald et al. 1983).
Their mean effusion rates were 105 and 157 m3 s�1, re-
spectively (Rowland and Walker 1990), corresponding as
above to effective effusion rates of �200 and
�300 m3 s�1. It is notable that even these, however, did
not come closer than �20 km from Hilo although the
1942 flow in particular caused considerable concern
(Macdonald 1943, 1954).

Kauahikaua et al. (1995) suggested that based on to-
pography, Hilo would have been threatened by the 1984
flow had the eruption lasted a longer time. With an im-
portant caveat noted below, our results do not agree with
this and indicate that the �2,900-m vent would have re-
quired an approximately two-fold higher effective effu-
sion rate for flows to have reached Hilo. Alternatively,
had the main 1984 flows issued from an elevation below
�2,000 m, Hilo could have been at risk. The caveat is that
if the 1984 eruption had made a transition to the pro-
duction of continuous, low-effusion-rate tube-fed pāhoe-
hoe after cessation of the high effusion-rate activity (as
did the 1843, 1855–56(?), 1859, 1880–81, 1899(?), and
1935–36 eruptions), then we agree with Kauahikaua et al.
(1995) that Hilo definitely could have been at risk. Our
results, the historic record (e.g. Brigham 1909), and recent
geological mapping (Lockwood et al. 1988; Buchanan-
Banks 1993; Lockwood 1995) lead to the conclusion that
volume-limited, tube-fed pāhoehoe flows pose a much
greater threat to Hilo than do cooling-limited, channel-fed
‘a‘ā flows.
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The same cannot be said for the communities downs-
lope from the SW rift zone. Here, the average mean ef-
fusion rate for the 15 channelized flows emplaced since
1800 is 175 m3 s�1 (corresponding as above to an effec-
tive effusion rate of 350 m3 s�1). This is actually a min-
imum value because most of these flows entered the
ocean and the submarine volumes are unknown. The
typical SW rift zone effective effusion rate since 1800
may therefore be closer to 400 m3 s�1. Figure 4 shows that
such an eruption on the SW rift zone could threaten any
location on the S flank of the volcano except the small
sliver of topographically protected high ground immedi-
ately N of Ka Lae. The risk posed by these flows is
compounded by the rapidly increasing rate of develop-
ment occurring in this region (Trusdell 1995).

Only two eruptions from the N flank have occurred
since 1843 (in 1859 and 1877; Macdonald et al. 1983).
The 1877 eruption took place offshore within Kealakekua

Bay (e.g. Brigham 1909; Moore et al. 1985). The channel-
fed ‘a‘ā portion of the 1859 eruption reached the coastline
just south of ‘Anaeho‘omalu with a mean effusion rate of
around 200 m3 s�1, corresponding to an effective effusion
rate of 400 m3 s�1. This agrees well with our results that
show flows with effective effusion rates between 200 and
500 m3 s�1 reaching this section of coastline (Fig. 4).

The channel-length contours have shapes that are to
some extent similar to the boundaries of lava flow hazard
zones (Fig. 5; Mullineaux et al. 1987; Heliker 1990;
Wright et al. 1992). As noted above, these hazard zones
are probabilistic because they are determined by age-
dating of flows, recorded activity, and analysis of topo-
graphy. Comparison of Figs. 4 and 5 shows that along
Mauna Loa‘s rift zones, coverage by channel-fed flows
with effective effusion rates �10 m3 s�1 roughly corre-
sponds to hazard zone 1 (the greatest hazard). An obvious
exception is the downslope end of the NE rift zone. This

Fig. 5 Lava flow inundation hazard zones for Hawai‘i shown with
colors indicating increasing hazard (adapted from Heliker 1990;
Wright et al. 1992). Superimposed on hazard zones are channel-

length contours from Fig. 4 (dashed color lines). See text for dis-
cussion
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is mapped as hazard zone 3 because eruptions have not
occurred there recently. Because we included it in our
potential vent area, it has the potential for being covered
by flows with effective effusion rates �10 m3 s�1. The
same situation exists in the potential vent area for the N
flank flows, which likewise are mapped as hazard zone 3
because of infrequent eruptions. These are the first of a
few examples where our non-probabilistic effective ef-
fusion rate contours differ from the hazard zone bound-
aries.

For the W flank downhill from the SW rift zone, the
coverage area from flows with effective effusion rates of
50 m3 s�1 corresponds to most of the area that is mapped
as hazard zone 2. However, there are a couple of coastal
regions where the 50-m3 s�1 contour does not extend to
the coastline even though hazard zone 2 does. Much of
the N flank, extending as far as the boundary with Hua-
lālai, could be covered by 50 m3 s�1 but again, because of
the infrequency of eruptions there this region is mapped
as hazard zone 3. For flows from the upper part of the NE
rift zone, the 50-m3 s�1 contour does not extend as far as
the hazard zone 2 boundary. As we noted above, recent
eruptions from this part of the rift zone have had effective
effusion rates >50 m3 s�1. As was the case for lower
effective effusion rates, our extending of the potential
vent region farther down the NE rift zone than has been
active recently causes potential coverage by 50-m3 s�1

flows beyond the hazard zone 2 boundary and well into
hazard zone 3. On the E flank of the volcano, the topo-
graphic shadowing effect of Moku‘āweoweo‘s SE wall on
the 50-m3 s�1 contour corresponds in the hazard map to a
region mapped as zone 6. On the E flank downslope from
the SW rift zone, the 50-m3 s�1 contour extends 5–10 km
farther downslope than the boundary of hazard zone 2.
This is because most recent eruptions on the SW rift zone
have been W of the topographic axis (limiting the extent
of hazard zone 2 on the E flank) whereas our modeling
treats the entire axis equally.

The contours for effective effusion rates of 100, 200,
and 500 m3 s�1 extend farther and farther into hazard zone
3, the areas that are downslope from the rift zones and N
flank vents. Two areas worth noting are mapped as hazard
zone 6. The northern one is located on the E flank of
Mauna Loa, extending from the SE boundary of
Moku‘āweoweo to the Mauna Loa-Kı̄lauea boundary, and
the southern one is near the SE-most point on the island
and includes the towns of Nā‘ālehu and Wai‘ōhinu. As
noted above, the 50-m3 s�1 effective effusion rate contour
matches the N hazard zone 6 relatively closely. Flows
with higher effective effusion rates similarly would fol-
low the same downslope paths that define the N and S
boundaries of this hazard zone. However, unlike 50-
m3 s�1 flows, those with higher effective effusion rates
that headed down the N boundary of this zone would
follow the saddle between Mauna Loa and Kı̄lauea all the
way to the coastline. Thus, although the region of hazard
zone 6 would remain unburied, the contour lines of the
higher effective effusion rates are drawn across its SE
margin.

The W boundary of the southern hazard zone 6 is the
Kahuku Pali, which forms a 100 to 150-m-high barrier to
flows coming from the west. The height of Kahuku Pali
decreases northward and it disappears just north of HWY.
11. This barrier, combined with the lack of recent flows
emanating from the S-most end of the SW rift zone cause
the area to be mapped as hazard zone 6. Indeed, much of
the surface here consists of the �25,000-year-old Pāhala
ash (e.g. Easton 1987) and flows older than 10,000 years
interbedded with Pāhala ash (Lipman and Swenson
(1984). However, in all but the part of this hazard zone 6
that is immediately E of the Kahuku Pali, there are no
topographic barriers to flows issuing from the lowermost
SW rift zone. In fact, the eastern arm of the 1868 flow
extends almost to the upslope boundary of this zone and
the �8,000-year-old Awāwakahao flow cuts completely
across it and extends to the coastline (Lipman and
Swenson 1984). Although the 50-m3 s�1 effective effusion
rate contour does not cross into the northern and southern
parts of this hazard zone 6, higher effective effusion-rate
contours do, and include all but a narrow sliver immedi-
ately adjacent to the Kahuku Pali (Figs. 4 and 5).

Note that hazard zone 4 is all of Hualālai and therefore
topographically protected from Mauna Loa flows. Hazard
zone 5 is on the S flank of Kı̄lauea, protected topo-
graphically (from Kı̄lauea flows) by N-facing normal
faults of the Ko‘ae fault system. Hazard zones 7 and 8 are
on Mauna Kea and therefore also topographically pro-
tected from Mauna Loa flows, and hazard zone 9 (not
shown in Fig. 5) is all of Kohala.

The relationship between our effective effusion-rate-
based inundation map and the hazard zone map highlights
that our non-probabilistic results are not meant to be used
as forecasts of future inundation. Instead, they can be used
in more of a scenario-planning mode. In other words, the
eventual path and length of a channel-fed flow with a
particular effective effusion rate could be determined ei-
ther prior to, or after the initiation of, an actual eruption.
Importantly, if the results we present here are to be useful
once an eruption has started, there needs to be a way to
relate instantaneous initial effusion rates measured early
during an eruption to effective effusion rates that will give
an idea of eventual flow length. We note that the effective
effusion rate for the combined Flows 1 and 1A of the
1984 eruption was approximately half of the initial effu-
sion rate from the �2,900-m vents. In practice, once it is
evident that a particular location will be the source for a
major lava flow, it would be prudent to plot a range of
probable channel-fed flow paths and lengths for a range of
effective effusion rates. Within a day or two after an
eruption starts, more precise estimates of eventual flow
lengths would be possible once better estimates of the
initial effusion rate were made. Obviously, however,
more study is required regarding the relationship between
initial and effective effusion rates.

It is critical to note that our modeled results for tube-
fed flows are not consistent with actual flows. For ex-
ample, the tube-fed pāhoehoe portion of the 1859 flow
reached the coast south of ‘Anaeho‘omalu with an es-
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sentially constant effusion rate of �5 m3 s�1, and the tube-
fed pāhoehoe portion of the 1880–81 flow reached the
outskirts of Hilo at a similar, �constant effusion rate
(Rowland and Walker 1990). This compares, as noted
above, to the inability of our modeled 100% crusted flow
to reach these distances even with an effusion rate of
10 m3 s�1. The lack of agreement with our modeled re-
sults is due to the fact that a thin moving crust, even if it
covers 100% of a channel, is not as efficient a thermal
insulator as a thick static lava tube roof. Indeed, the
thermal insulation of a mechanically stable tube is suffi-
cient for tube-fed flows to be volume limited rather than
cooling limited.

Conclusions

We have characterized the areas of Mauna Loa that can
expect to be inundated by channelized lava flows having a
range of effective effusion rates. We define the effective
effusion rate as that corresponding to creation of �90% of
a flow‘s length and note that in the 1984 case this was
�twice the mean effusion rate and �half of the initial
effusion rate. Contours of minimum flow length for each
effective effusion rate correspond in some instances to
previously published lava flow hazard zones determined
from inundation interval. Elsewhere the correspondence is
poor, mainly because our modeling is non-probabilistic in
that it does not take recent eruption location patterns into
account.

Nevertheless, our results also point out that topography
alone cannot be used to derive potential inundation by
channel-fed flows. For example, Hilo turns out to be
relatively safe from all but the highest effective-effusion-
rate channel-fed flows, especially if the recent lack of
eruptions from elevations <2,500 m on the NE rift zone
continues. Instead, Hilo is more likely to be threatened by
tube-fed pāhoehoe flows. The SW rift zone threatens a
considerable portion of ever-more-populated SW flanks,
even from channel-fed flows with low to moderate ef-
fective effusion rates.
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Minor modifications to FLOWGO

A few modifications were made to the original version of
FLOWGO to improve its ability to model aspects of
channelized flows. First, the original version of the pro-
gram included a term for conductive heat loss into the
flow base but inadvertently left out such heat loss to the
levees. At the vent, where without independent constraint
on channel dimensions we set depth and width equal,

conductive heat loss to the levees is twice that to the base.
Making the change to include levee heat loss has very
little effect on overall flow length when compared to the
Mauna Loa, Kı̄lauea, and Etna test cases because along
most of the flow, width is considerably greater than depth.
However, its inclusion makes FLOWGO more realistic.

The second minor change has to do with the treatment
of yield strength. Jeffreys equation (Jeffreys 1925) as
modified by Moore (1987) is the following:

Vc ¼ d2rlavagsin q=3hlava

� �

� 1� 3=2 YScore=tbaseð Þ þ 1=2 YScore=tbaseð Þ3
n o

ð2Þ
Vc=mean velocity in the channel, d=channel depth,

rlava=lava viscosity, g=gravity, q=underlying slope,
hlava=lava viscosity, YScore=lava yield strength, and
tbase=the shear stress at the base of the flow. The portion
of Eq. 2 in square brackets is the Newtonian part and that
in the curly brackets is the non-Newtonian part. Note that
if YScore=0, the non-Newtonian part becomes unity.

tbase is a limiting value in the sense that as long as the
flow core is more fluid than the shear stress required to
deform lava at the flow base (YScore<tbase), lava will
flow. As soon as YScore=tbase (due to cooling of the flow
core), then the internal strength of the lava will be greater
than the stress driving deformation at its base, and flow
will stop (the value in the curly brackets becomes zero).

Originally, FLOWGO determined tbase from the fol-
lowing:

tbase ¼ rlavagd sin q ð3Þ
Although post-eruption yield strength is commonly

determined from measuring the dimensions of a flow that
has come to rest on a given slope (e.g. Hulme 1974), there
is no physical reason why during an eruption the yield
strength of flowing lava should be a function of the un-
derlying slope. Additionally, inspection of Eq. 3 shows
that as the underlying slope approaches zero, tbase ap-
proaches zero. This causes the non-Newtonian portion of
Eq. 2 to become negative and a modeled flow would stop
purely due to the underlying slope, even if it has cooled
only slightly.

There is another method to calculate tbase that is
temperature and crystallinity dependent and slope inde-
pendent (Dragoni 1989; Pinkerton and Stevenson 1992):

tbase ¼ 6500f2:85
base

� �
þ b exp c Terupt � Tbase

� �
� 1

� �� �

ð4Þ
Here, fbase=the mass fraction of crystals in the flow

base, b and c are constants that have values of 10�2 Pa and
0.08 K�1, respectively (Dragoni 1989), Terupt=the eruption
temperature, and Tbase=the temperature of the flow base.
Because the temperature difference term (Terupt–Tbase) is
on the order of 400�C, the exponential term becomes very
large. YScore is derived from a similar formula (Dragoni
1989; Pinkerton and Stevenson 1992):
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YScore ¼ 6500f2:85
core

� �
þ b exp c Terupt � Tcore

� �
� 1

� �� �

ð5Þ
Here fcore=the mass fraction of crystals in the flow

core (which is temperature-dependent and calculated by
FLOWGO at each increment downflow). Importantly, the
temperature difference (Terupt�Tcore) is zero at the vent
and increases only slightly down flow, meaning that the
exponential term here is considerably less than it is for
tbase (Eq. 4). Because of this difference in the exponential
terms, the quantity YScore/tbase in Eq. 2 is always ex-
tremely small and the resulting flow is essentially New-
tonian.

Additional consideration of a channelized flow indi-
cates that it isn‘t the shear stress at the base of the flow
that is critical. Instead, it is the shear stress at the base of
the channel. Eq. 4 can therefore be modified to:

tbase�of�channel ¼ 6500f2:85
base�of�channel

� �

þb exp c Terupt � Tbase�of�channel
� �

� 1
� �� �

ð6Þ
The difference between the eruption temperature and

that at the base of the channel (Terupt�Tbase-of-channel) is
much closer to that between the eruption temperature and
the flow core temperature (Terupt�Tcore) and therefore so
are the exponents associated with these terms. The re-
placement of YScore/tbase (Eq. 2) with YScore/tbase-of-chan-

nel (Eq. 1) means that the yield strength portion of the
velocity equation is no longer negligible. Additionally,
the yield strength portion of the velocity equation is now
dependent on temperature and crystallinity (the mass
fraction of crystals at the base of the channel, jbase-of-

channel, is calculated by FLOWGO) and independent of the
underlying slope.

In the original FLOWGO model, Thot, the temperature
of lava exposed in cracks in the surface crust, was set to
always be Tcore�140�C, based on field measurements at
Etna and Kı̄lauea (e.g. Calvari et al. 1994; Flynn and
Mouginis-Mark 1994). However, it seems unlikely that a
constant difference in temperature would be maintained
as Tcore decreases downflow. Instead, the difference be-
tween Tcore and Thot (as well as that between Tcore and
Tbase-of-channel) should decrease as the flow cools. At the
vent, the eruption temperature Terupt=1140�C, the solidus
temperature Tsolid=980�C, Tcore=Terupt, Thot=Tcore�140�C,
and we consider that Tbase-of-channel=Thot. The starting
conditions therefore are that Thot and Tbase-of-channel have a
value of Tcore�0.875(Tcore�Tsolid). The final minor
FLOWGO change was to maintain this relative temper-
ature spacing. This has the added benefit of preventing
both Thot and Tbase-of-channel from reaching values less than
Tsolid.
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