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Abstract We present a thermal model to calculate the
total thermal flux for lava flowing in tubes, on the sur-
face, or under shallow water. Once defined, we use the
total thermal flux to estimate effusion rates for active
flows at Kilauea, Hawaii, on two dates. Input paramet-
ers were derived from Landsat Thematic Mapper
(TM), field and laboratory measurements. Using these
parameters we obtain effusion rates of 1.76£0.57 and
0.78£0.27 m>s™"' on 23 July and 11 October 1991, re-
spectively. These rates are corroborated by field meas-
urements of 1.36£0.14 and 0.89%0.09 m*s™" for the
same dates (Kauahikaua et al. 1996). Using weather sa-
tellite (AVHRR) data of lower spatial resolution, we
obtain similar effusion rates for an additional 26 dates
between the two TM-derived measurements. We as-
sume that, although total effusion rates at the source
declined over the period, the shut down of the ocean
entry meant that effusion rates for the surface flows
alone remained stable. Such synergetic use of remotely
sensed data provides measurements that can (a) contri-
bute to monitoring flow-field evolution, and (b) pro-
vide reliable numerical data for input into rheological
and thermal models. We look forward to being able to
produce estimates for effusion rates using data from
high-spatial-resolution sensors in the earth observing
system (EOS) era, such as Landsat 7, the hyperspectral
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imager, the advanced spaceborne thermal emission
spectrometer, and the advanced land imager.
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Introduction

Since the mid-1980s many studies have shown how
space-based thermal observations can contribute to the
monitoring and analysis of an active lava flow field. Nu-
merous parameters have been measured, including flow
length, width and area, crust temperature and thick-
ness, core temperature, skylight area, thermal flux, and
effusion rates (Pieri et al. 1990; Oppenheimer 1991;
Flynn et al. 1994; Harris et al. 1997a, b). The 30-m spa-
tial resolution of the Landsat Thematic Mapper (TM)
has proven to be very useful for spatially detailed anal-
ysis of active lava bodies (e.g., Rothery et al. 1988; Pieri
et al. 1990; Oppenheimer 1991; Oppenheimer et al.
1993; Bhattacharya et al. 1993; Gupta and Badarinath
1993; Flynn et al. 1994; Andres and Rose 1995). How-
ever, TM data are available only once every 16 days,
and many aspects of an ongoing eruption will change
during the time period between acquisitions. Such
changes may be identified using low spatial resolution
(~1km) data provided by weather satellites at a much
higher temporal frequency, once every 6 h in the case
of the advanced very high resolution radiometer (e.g.,
Harris et al. 1995, 1997a, b).

For analysis of active flows, heat flux is an important
parameter to measure. Flynn et al. (1994) used TM data
of Kilauea (Hawaii) to map and investigate radiant
heat-flux density and to establish a chronology of flow
emplacement. The purpose of this paper is to improve
on this first investigation by modeling the thermal flux
from active lava flows, determining the total thermal
flux for all active flows apparent on the TM scene, and
converting total thermal flux to an instantaneous erup-
tion rate or effusion rate.



Determining volumetric effusion rates for lava flows
from space is an important but challenging task. Effu-
sion rates are a major consideration in evaluating flow
dynamics and the potential threat posed by a lava flow.
Higher effusion rates produce channel-fed flows that
are longer, more rapidly moving, voluminous, and ar-
eally extensive than flows with low effusion rates
(Walker 1973; Wadge 1978; Malin 1980; Pieri and Balo-
ga 1986; Wolfe et al. 1988; Rowland and Walker 1990;
Pinkerton and Wilson 1994). Flows with high effusion
rate thus have far greater potential to inflict damage on
distant communities with less advance warning. For ex-
ample, the 1983 and 1985 eruptions on Mt. Etna’s (Sici-
ly) south flank were of similar duration, lasting 131 and
123 days, respectively. The 1983 eruption was fed by
effusion rates of up to 22-44 m>s™', and flows extended
7 km to form a 6 km?, 100 x 10° m?, flow field (McClel-
land et al. 1989). In contrast, the 1985 eruption was fed
by effusion rates of 0.5-4.5m?>s™', which resulted in
flows extending 1.8 km to form a 2.2-km?, 19 x 10°-m?,
flow field (McClelland et al. 1989; Harris et al. 1997a).
Effusion rate also appears to control the basic flow dy-
namics. In Hawaii, effusion rates determine the manner
in which flows are emplaced. Effusion rates >20 m®s™!
produce rapidly advancing channelized ’a’a flows, and
effusion rates <20m’s™ (but more typically
~5m?s™!) produce slowly advancing tube-fed pahoe-
hoe flows (Rowland and Walker 1990).

Measuring effusion rates is therefore of great inter-
est. Field methods for their determination are usually
based on estimates of lava channel dimensions and lava
flow velocity (e.g., Frazzetta and Romano 1984; Lip-
man and Banks 1987; McClelland et al. 1989; Barberi et
al. 1993). However, errors due to uncertainties in chan-
nel dimensions, especially depth, are a major problem
(Pinkerton and Sparks 1976; Frazzetta and Romano
1984). Alternatively, if eruption duration is known, ac-
curate post-eruption measurements of total flow-field
volume can provide reliable estimates of average effu-
sion rates (e.g., Wadge 1981; Rowland and Munro 1993;
Calvari et al. 1994; Reynolds et al. 1995; Rowland
1996). However, these averages will not reveal major
variations in effusion rates which have been shown to
occur during many basaltic eruptions (Wadge 1981).
The very low frequency (VLF) electromagnetic induc-
tion method of Kauahikaua et al. (1996) provides a
means of estimating cross-sectional areas of the liquid
lava within lava tubes. Coupled with velocity measure-
ments made at skylights, VLF allows accurate measure-
ments of instantaneous volumetric flux through the
tube. If all the erupted lava passes through the tube,
this equals the effusion rate. Techniques capable of
measuring effusion rates during an eruption are of par-
ticular value since accurate effusion rate estimates are
important in hazard prediction, warning, and mitiga-
tion.

Herein we extend the thermal approach of Pieri and
Baloga (1986) and Harris et al. (1997b) to estimate ef-
fusion rates. Firstly, we describe the field setting and
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remote sensing data sets that we use to illustrate the
utility of the model. Next, we provide three generally
applicable thermal models that can be used individually
or together to estimate effusion rates for lava flowing in
tubes, on the surface, or entering the ocean. We then
demonstrate the application of our approach using TM
and field data for the Pu’u ’O’0-Kupaianaha eruption
at Kilauea (Hawaii) to estimate effusion rates on two
dates in 1991 and to monitor the evolution of the flow
field. Finally, the temporal context of these observa-
tions is provided by a series of advanced very high reso-
lution radiometer (AVHRR) images obtained before,
during, and after each of the Landsat observations.

Field setting

The current eruption at Kilauea has now progressed
through 55 episodes of activity, with activity beginning
at the Pu’u ’O’0 vent on 3 January 1983. Until episode
48, episodic eruptions at Pu’u ’O’0 exhibited several
styles of activity and variable effusion rates. However,
episode 48 was characterized by steady lava effusion
from a new vent named Kupaianaha at a rate of
~3.5m?s™! that had formed a 75-km? flow field by Jan-
uary 1991 (Wolfe et al. 1988; Heliker and Wright 1991;
Mattox et al. 1993). During 1991 lava flux from the Ku-
paianaha vent declined linearly from 2.9 m?®s~! in April
1991 to 0.6 m>s™' by November 1991, with output ceas-
ing during February 1992 (Kauahikaua et al. 1996).
This part of the eruption is ideal for testing remote
sensing techniques or models, because the abundant
ground-truth data collected by the U.S. Geological Sur-
vey’s Hawaiian Volcano Observatory (HVO; e.g.,
Wolfe et al. 1988; Heliker and Wright 1991; Mattox et
al. 1993; Mangan et al 1995; Kauahikaua et al. 1996)
provide an excellent means of validation or source of
model inputs.

Herein we use both high spatial resolution TM data,
higher temporal resolution AVHRR data, and ground-
based measurements to show how synergetic use of the
data can contribute to measuring, mapping, and moni-
toring an active lava flow field. We use two cloud-free
TM images acquired on 23 July and 11 October 1991
during the waning activity of the Kupaianaha vent. We
supplement our coverage with 26 cloud-free AVHRR
images acquired between July and October 1991. Dur-
ing this time surface flows issued from a tube system
that extended from beneath the frozen surface of the
lava lake over the Kupaianaha vent (Fig.1; GVN
1991b-e). In July and August the main tube, the Wa-
haula tube, bifurcated at ~180 m elevation to feed a
western and an eastern branch. These fed surface flows
and lava flows that entered the sea at the Poupou and
Paradise Ocean entries, respectively, (Fig. 1a, b; GVN
1991b, c). In September numerous tube-fed surface
flows became concentrated on the western side of the
flow field, and the Paradise and Poupou entries shut
down on 3 and 20 September, respectively (Fig. 1c;
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Fig.1 Maps of the Pu'u ’O’0o-Kupaianaha flow field during a
July 1991 (GVN 1991b), b August 1991 (GVN 1991c¢), ¢ Septem-
ber 1991 (GVN 1991d) and d October 1991 (GVN 1991e). These
have been produced by the Hawaiian Volcano Observatory and
the originals are at the referenced locations. They are reproduced
here to provide a comparison for thermal maps produced from
the Thematic Mapper (TM) and weather satellite (AVHRR) data
(see Figs. 4, 11)

GVN 1991d). The ocean entries remained inactive,
with surface breakouts from the Wahaula tube concen-
trated inland and on the western side of the flow field,
throughout October (Fig. 1d; GVN 1991e).

Data sets

The TM data cover the visible to thermal infrared por-
tions of the spectrum at spatial resolutions of 30-120 m
(Table 1). Following Oppenheimer at al. (1993), Flynn
et al. (1994), and Harris and Stevenson (1997), we proc-
essed these data to correct for atmospheric effects and
to derive pixel-integrated surface temperatures in each
waveband for each pixel (T,; Fig. 2). For TM pixels that
include active lava bodies, it is common practice to as-
sume that a pixel is occupied by two thermal compo-
nents: areas of chilled crust at temperature T. occupy-
ing fraction f. of the pixel or lava surface, and areas

where the molten core (at temperature T},) is exposed,
this occupying f;, (=1-f.). In this case, integrated tem-
perature T results from the contribution of the crusted
and molten surfaces falling within the TM pixel
(Fig. 2).

Following Dozier (1981), where thermal data are
available at two wavebands, if any one of the three un-
knowns (f;, T., or T},) can be assumed, then the remain-
ing two can be estimated by solution of simultaneous
equations. For TM pixels containing active lava this has
been achieved by using bands 5 and 7 with an assumed
T. (e.g., Rothery et al. 1988; Glaze et al. 1989; Pieri et
al. 1990; Bhattacharya et al. 1993) or T, (e.g., Oppen-
heimer 1991; Flynn et al. 1994). The assumption of a
crustal temperature (T.) can be problematic, since field
measurements at active surface flows show that T, is
highly variable (Flynn and Mouginis-Mark 1992, 1994).
Erroneous selection of T, results in large errors in cal-
culated Ty, and f. (Oppenheimer et al. 1993, Figs. 5, 6).
We therefore choose to assume T, since it is easier to
constrain.

Previous studies set T}, equal to the eruption temper-
ature (e.g., Flynn et al. 1994), which for episode 48 was
extremely stable at 1150+4°C (Hon et al. 1993, 1994;
Mangan et al. 1993, 1995; Cashman et al. 1994). Howev-
er, we find that the exposed high-temperature surface is
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Table 1 Landsat Thematic

Mapper (TM) and Advanced Band Image (swath)?® Repeat coverage®

Very High Resolution Ra- . . .

diometer (AVHRR) sensor Wavelength Pixel size l\:hn temp I\g[ax temp

characteristics. Min. Temp. is (nm) (m) O O

the minimum temperature that ™

an isothermal surface which

entirely fills a pixel must 1 0.45- 0.52 30x 30 1050 1490

achieve to emit measurable ra- 2 0.52- 0.60 30x 30 960 1410

diance in the given waveband. 3 0.63- 0.69 30x 30 801 1170

Max. temp. is the temperature 4 0.76- 0.90 30x 30 620 1000

the surface must achieve to sa- 2 1.55- 1.75 30x 30 220 430

turate a pixel, i.e. attain the 6 10.42-12.42 120x 120 — 60 920

maximum level of radiance re-  / 2.08- 2.35 30x 30 120 290

cordable by the sensor, and AVHRR

are taken from Flynn et al. 1 0.58- 0.68 1000 x 1000 800 1350

(1994) and Harris and Steven- 2 0.72- 1.10 1000 x 1000 500 940

son (1997) 3 3.55- 3.93 1000 x 1000 - 170 50
4 10.3 -11.3 1000 x 1000 —150 60
5 115 -125 1000 x 1000 —150 60

# Swath width =185 and 3000 km for TM and AVHRR, respectively
16 days and 6 h for TM and AVHRR, respectively

Satellite

At satellite radiance in channel x,)R=
Tx [sx L()\xTx) + RXR] + RxU

A

()

Surface
reflected Atmosphere with transmissivity of t
radiation

Recd \

Upwelling
atmospheric
Surface radiance
emitted radiance [Rxu]
Cracked, [L(AxTx)] \
chilled crust Thi Te
I S
Th Lava-free
Molten core Lava flow T ground
- Surfaces with emissivitgy ————

~——— 30m ™ pixe|—>|

L(AT) = fo LT + (-fo) LA Thi)

< 1000 m TM pixel >
L(AT) = fo LAXTO) + fri LOWTh) + (1-fe-fri ) LAXTb)

Fig. 2 Diagram showing the composition of the at-satellite ra-
diance (R,) for a 30-m TM and a 1000-m AVHRR pixel over an
active lava. To obtain the pixel integrated temperature (Ty), all
other contributions must be corrected. Note that L(AT) is the
Planck function for a blackbody at wavelength A and temperature
T

itself an integrated temperature, which is composed of
two thermal sources and is not equal to the eruption
temperature. This is apparent from observations of ac-
tive lava flows using a 1.1-um video camera (L Flynn,
unpublished data). These observations show a mesh of
filaments forming over the incandescent surface of the

flow through which the molten core is exposed. Meas-
urements by Flynn and Mouginis-Mark (1992) show
that this mesh is at a temperature of ~770°C and com-
poses ~96% of the high-temperature surface; the re-
maining 4% is at ~1150°C. This gives an integrated
temperature for the hot surface of ~800°C at the TM
band-5 and band-7 wavelengths. Using infrared ther-
mometers on Kilauean’s active pahoehoe flows, we
have obtained temperatures for this integrated high-
temperature component of between 870 and 1040°C
(Fig. 3). Furthermore, infrared (0.8-1.1 pm) thermom-
eter measurements of integrated temperature measure-
ments at cracks in the surface crust where the molten
interior is exposed confirm that the integrated tempera-
tures for exposed molten surfaces are less than the
eruption temperature, giving temperatures of
860-890°C (A. Harris, unpublished data). Therefore, to
avoid error from setting the high component tempera-
ture too high, we define a new temperature variable
(Ty;) that describes this integrated high-temperature
component; we set Ty; to 900100 °C (see Oppenheim-
er et al. 1993, Fig. 5, for error in estimates of f. and T,
due to poor selection of T},). This temperature compo-
nent will occupy fraction fi;, or 1-f,, of the flow surface
(Fig. 2).

Although the spatial resolution of AVHRR is coars-
er than that of TM (Table 1), thermal data are available
once every 6 h (Table1). This greatly improves the
chances of a satellite pass coinciding with a cloud-free
period or short-lived phase of activity. Following Harris
et al. (1997b) we assume that the larger AVHRR pixels
will be occupied by a third thermal surface, lava-free
ground at ambient temperatures (T,). Hence, the pixel-
integrated temperature (T,) will result from the contri-
bution of three thermal components: lava-free ambient
ground, active lava with a chilled crust, and areas at Ty;
(Fig. 2). We therefore use the method of Harris et al.
(1997b), whereby AVHRR band-3 and band-4 data are
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obtained using a Minolta/Land Cyclops 152 infrared (0.8-1.1 pm)
thermometer from a distance of 3-5m, giving a field of view
14-24 cm. Data have been corrected using a spectral emissivity
for basaltic pahoehoe lava of 0.925. Because of the large field of
view of this instrument, measured temperatures will be an inte-
gral of the high-temperature surfaces across this field of view

(Thi)

used with an assumed T, and Ty; and a range of T, to
estimate a range of f. and fi;.

Having calculated T. and the fraction of the flow
surface at T, (f.), we next estimate the effective radia-
tion temperature of the lava surface (T.), using
Te=[fT*+(1-f.) Tw*]>* (Crisp and Baloga 1990;
Pieri et al. 1990). Inserting T, in the surface cooling vs
time relationship given by Hon et al. (1994, Eq. (6)), we
are able to estimate the mean time since the emplace-
ment of lava within each pixel and hence the area of
lava emplaced over a given period (Table 2). Using the
procedures outlined in Flynn et al. (1994), we were also
able to identify and measure the dimensions of lava
tubes and skylights (Fig. 4; Table 2).
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Model for the estimation of effusion rates using total
flow-field thermal flux

Following Pieri and Baloga (1986) and Harris et al.
(1997b), effusion rate (E,) can be estimated if the total
thermal flux for a moving flow (Q,,) is known. Q. will
equal the rate at which heat is transferred into the open
flow-field system by lava flowing into and through it,
and by the latent heat of crystallization, which can be
written as

Qtot = Er plava [Cplava ATstop + CL AQ’]’ (1)

in which pi,y, and cpyay, are the density and specific heat
capacity of the lava, ATy, is the temperature drop
throughout the moving portion of the flow, Ag is the
mass fraction of crystals grown in cooling through

Fig. 4 Maps of the Pu'u ’O’0-Kupaianaha lava flow field made
using Landsat-TM data acquired on a 23 July and b 11 October
1991. Flows emplaced since January 1983 have been mapped us-
ing bands 1-4, in which these freshly emplaced flows are evident
as very low reflectance surfaces. The Kupaianaha lava lake, active
tubes, skylights, and surface flows have been identified using the
magnitude thresholds given in Table 3. The plume of lava-heated
water off-shore of the ocean entries has been mapped using band
6-derived ocean-surface temperatures. Detail of the ocean-entry
thermal plumes are inset in a, where AT, contours are given
(AT ater =plume temperature minus ambient water temperature)

ATy, and ¢y is the latent heat of crystallization. Rear-
ranging Eq. (1) allows E, to be estimated from

E — Qtot
' Plava [Cplava ATslop+CL Ad’]

(@)



Table 2 Flow field parameters estimated using Landsat-TM data
acquired on 23 July and 11 October 1991

Date 23 July 11 October
Area of surface flows (km?)

<30=%16 h old 4.930+3.223 5.135+3.474
<7%2 h old 1.377+0.556 2.193£0.701
<2*1hold 1.117£0.405 1.278+0.514
<0.2£0.1 h old 0.092+0.004 0.058 £0.001
<0.1£0.05 h old 0.012£0.001 0.009 £0.001
Length of Tubed flow (m)*

Upper Wahaula Tube 5640 (2040) 4050 (0)

East Branch
West Branch

3240 (3240)

4200 (1320) 4680 (4680)

Total 13080 (6600) 8730 (4680)
8880°, 9840°

Skylights

Number 3 2

Area (m?)¢
8-11 5-7

B1 11-15 13-17

B2 5-7

Total 24-33 18-24

#Total length is given, with length covered by surface flows
<60 h old in parentheses

®Tube length of Upper Wahaula plus east branch

¢ Tube length of Upper Wahaula plus west branch

4See Fig. 4 for skylight locations

For vesicle-free molten Kilauea basalt, p.,, and
CPiava have values of 2600+ 100 kg/m? and 1225 J/kg K,
respectively (Keszthelyi 1995a; Peck 1978). Taking into
account vesicularity, which is typically 40-60% with a
maximum range of 10-70% for Pu’u ’O’o-Kupaianaha
lavas (Wilmoth and Walker 1993; Cashman et al. 1994),
giVes Prayva Of 1590+ 840 kg/m? and cpjay, of 720£380 J/
kg K. Spectroradiometer measurements of active flow
fronts shows that flow motion in ’a’a and pahoehoe
flows at Kilauea ceases at a temperature (Tqop) Of
800£30°C (Flynn and Mouginis-Mark 1992). T, is a
surface temperature that relates to the temperature at
which the crust becomes strong enough to prevent fur-
ther forward motion. However, the interior of the flow
is still at higher temperatures, and forward motion may
be resumed by failure or rafting up of the cooler, brittle
crust to feed a new flow unit. For our study, the erup-
tion temperature (Te..,) can be set to 1150£4°C,
which is the mean eruption temperature from measure-
ments made during this episode of activity using the
Helz and Thornber (1987) geothermometer (Mangan et
al. 1993, 1995; Cashman et al. 1994) and thermocouples
(Hon et al. 1993, 1994). Setting ATyop equal to Tepype
minus Tyep gives AT, for this flow as 350£34°C.
Analysis of lava samples taken from a skylight 1500 m
from the vent and at surface flows 11.5 km from the
vent shows a volume of crystallization of 2.2 and 4.3%,
respectively, giving Ag of 0.0325£0.0105 for this flow
(J. Kauahikaua, pers. commun.). Following previous
work (Jaeger 1961; Kirkpatrick 1976; Peck et al. 1977,
Shaw et al. 1977; Brandeis et al. 1984; Huppert and
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Sparks 1988; Crisp and Baloga 1994) we set c_ to
3.5x10° T kg™

Determining Q,,, is more problematic. Pieri and Ba-
loga (1986) set Qo equal to radiative losses, whereas
Harris et al. (1997b) extended that model to include
free convective losses. Recent models for tubed and
surface flows (Keszthelyi 1995a; Keszthelyi and Denlin-
ger 1996) indicate that neither of these models fully de-
scribes the heat loss from a moving lava flow. There-
fore, in order to accurately constrain Q,., and thereby
E., we construct a detailed thermal model to fully de-
scribe the heat lost by a moving flow. Some compo-
nents of this model are based on thermal flux models
for tubed and surface flows given by Keszthelyi (1995a)
and Keszthelyi and Denlinger (1996), which used point
measurements as inputs. We extend these models by
estimating the total thermal flux from the entire active
flow surface using the synoptic coverage afforded by re-
motely sensed data and ground-based measurements.

Derivation of Q,, depends on the type of flow. In
the most complicated case, where lava tubes feed sub-
aerial and submarine flows, as at Kilauea during July
1991,

Qtot = Qtube + qurf + roeam (3)

in which Qupe, Qgurs, ANdQueean are the thermal fluxes
from the tubed, subaerial, and submarine portions of
the system, respectively. If a subaerial flow is fed direct-
ly from the primary vent, with no tubed sections, the
Qube term can be dropped. If lava travels from the
source vent via a lava tube directly to the ocean, Qg+
can be neglected. Alternatively, if the flow does not
enter a body of water, the Quccan term can be ignored.

Lava tubes

To define Quue wWe adapt the thermal model for lava
tubes given by Keszthelyi (1995a), where,

Qtube = Qpipe + sty, (4)

in which Q,;,. and Qqy are the thermal fluxes from lava
flowing through the roofed-over (pipe) and open (sky-
light) portions of the lava tube, respectively (Fig. 5).

The thermal flux from the roofed portion can be de-
scribed by

Qpipe = thonv + thond + Qtraina (5)

in which Qconvs Qtcond, and Qq.in are the thermal fluxes
from the roofed portion of the system due to convec-
tion, conduction, and rain, respectively (Fig.5). The
convective loss from a tube is given by

thonv:Ltubc T 0565 [pair (& 282 g Klava ATtubc Dtubc/
(,u/air Blava)]a5 ATtube Klava, (6)

in which L. and Dy, are the length and diameter of
the tube; g is acceleration due to gravity (9.8 m s72); pair,
tair, and ., are the density, cubic expansivity, and vis-
cosity of air; Kjava, Blavas and k., are the permeability,
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Fig. 5 Top Power flux in Wm™ from a lava tube active under the
conditions defined here for the 1991 Pu’u ’O’0-Kupaianaha erup-
tion. Fluxes are estimated using parameters set using field obser-
vations and TM data for the flow field on 23 July and 11 October
1991. Sources of heat loss from a roofed portion of the tube sys-
tem (bottom left) and skylights (bottom right) are illustrated with
the variables used to calculate each flux (Egs. (4) to (13)). Values
given are typical Pu’u ’O’0-Kupaianaha tube system in 1991

thermal diffusivity, and thermal conductivity of the
lava; and AT, is the temperature difference between
the lava flowing in the tube and the surface.

We obtained L. from the TM images by tracing
the master tube from Kupaianaha (Fig.4; Table 2).
Field observations have estimated tube diameters of
3-5m, and up to 10-15 m near the vent (J. Kauahikaua,
pers. commun.); hence, we use Dpe of 96 m. Param-
eter AT e is calculated from T minus T, Where
Tiuve 1s the temperature of lava flowing in the tube, and
Tsue is the surface temperature above the tube. For
Twve at Kilauea we use the eruption temperature of
1150£4°C. Temperature Ty, estimated using TM
band-6 data for pixels along the course of the lava tube,

shows little variation along the length of the tube; val-
ues ranged between 59 and 61 °C and between 51 and
59°C on the 23 July and 11 October images, respective-
ly, giving a mean Ty, of 60£1°C and 54£3°C. We set
Pairs Cair, and g, using tables in Kays and Crawford
(1980) for air at a mean temperature of (Twpe + Toure)/2.
Following Keszthelyi (1995a) K,.,., has the value of
107" =1 m? for basalt and k.., is calculated as a func-
tion of vesicularity using the relationship given by Peck
et al. (1977) and Peck (1978), giving 1.2+0.5 W/m K for
the Pu'u ’O’0—Kupaianaha lavas. Thermal diffusivity is
equal to [Kiava/(Plava CPiava)], Where we use the vesicle-
corrected values for each parameter.

The conductive loss from a tube can be estimated by
modeling the tube as an isothermal cylinder, at temper-
ature Tpe and radius 1y, buried in a semi-infinite
medium which has a surface temperature of T, (Hol-
man 1992):

thond= Klava ATtube [2 T Ltube/COSh71 (Htube/rtube)], (7)

in which H,s. is the thickness of the tube roof. For this
system, we can set Hype at 1.7+1.0 m, from the mean
of the values given by Keszthelyi (1995a), and ryp. to
45+3.0m for this tube system. Observations of the
crust thickness around skylights by J. Kauahikaua
(HVO) show Hyp. in these locations to be 1-2 m. How-
ever, skylights occur due to thinning of the tube roof,
so that roof thicknesses in the vicinity of the skylights
are probably thinner than elsewhere along the length of
the tube and may thicken to as much as 3-5 m away
from skylights (J. Kauahikaua, pers. commun.). We
therefore regard 1.7£1.0m as a minimum value for
Htube-

Thermal losses due to rain from the tube system are
estimated by adapting the simple model given by Kesz-
thelyi (1995a) where,

Qirain=0R/0t A1¢0 pr2o Lo ¥, ®)

in which 0R/dt is the rainfall rate, A, is the area inside
the 100°C isotherm, puxo is the density of water,
958 kg/m> for water at 100°C (Kays and Crawford
1980), and Lypo ™ is the latent heat of vaporization of
water plus the heat needed to warm the water to 100 °C,
ie. ~2.8 MJ/kg (Keszthelyi 1995a). Since we are con-
sidering rain that has percolated through cracks in the
flow field and is now present as groundwater, we as-
sume that this ground water is being constantly boiled
off and periodically replenished by rain at a mean rate.
For this system we use the mean dR/dt from Keszthelyi
(1995a) of 7.6+1.7x10®ms~'. We estimate Ay by
multiplying Lp. by 23+9 m, the mean diameter of the
100°C isotherm from Keszthelyi (1995a).

Following the relationships given by Hon et al.
(1994), an inflating pahoehoe flow field less than 60 h
old will still contain a molten core, at 1070-1150°C,
which will be up to 0.6 m thick. Active tubes beneath
such areas will therefore have a layer of molten lava
above them at temperatures approximately equal at
those of the lava in the tube. This will effectively insu-



late the lava flowing in the tube, reducing AT,,,. and
the thermal flux to approximately zero. Thermal flux
from the lengths of active tube beneath such recently
emplaced lava is therefore zero. Thus, in the calculation
of Quube, Liwwe Will equal the length of the tube system
beyond flows <60 h old, i.e., 6480 and 4050 m on 23
July and 11 October 1991, respectively (Table 2).

The thermal flux from skylights can be described
by

sty = erad + Qsconv + stind + eraim (9)

in which Qgad, Qsconvs Qswind, aNd Qgrain are the thermal
losses from the skylight due to radiation, convection,
wind, and rain falling through the skylight (Fig. 5).

Radiative losses from the skylight are calculated
from

erad = O Asky Tsky47 (10)

in which is emissivity of the lava, o is the Stefan Boltz-
mann constant (5.67 X107 W/m? K*), Ay, is the area
of the skylight, and Ty is the temperature of the lava
flowing through the skylight. We use of 0.9, the emis-
sivity that we calculated from reflectance spectra for
pahoehoe samples (J. Salisbury, pers. commun.) taken
from, and typical of, the Pu’u ’O’0-Kupaianaha flow
field. Skylight area (Ay) can be calculated using the
method of Flynn et al. (1994), giving values of 24-33 m?
on 23 July and 18-24 m? on 11 October 1991 (Table 2).
Lava flowing through skylights at Kilauea is between
900 and 1150°C (J. Kauahikaua, unpublished data);
hence, we set Ty, to 1025£125°C.

Convective losses from the skylight are obtained us-
ing
QSCOIIV =

014 Asky Kair (g Qair Pair /,ufair ,Bair) 13 ATsky4/3, (11)

where K, Quirs Pairs Mair, aNd By are the thermal con-
ductivity, cubic expansivity, density, viscosity, and ther-
mal diffusivity of air, respectively. These values are tak-
en from tables in Kays and Crawford (1980) using a
mean air temperature above the skylight of
(Tsky+ Tair)/2, in which T,;, is the ambient air tempera-
ture. Our daily measurements of ambient air tempera-
tures at the Pu’u ’O’o-Kupaianaha flow field during
October 1995 give a range of 30-40°C at sea level and
20-30°C at an altitude of 800 m. These are similar to
T of 30°C measured during March 1993 at the same
flow field by Keszthelyi and Denlinger (1996). We
therefore use T,;, of 30+ 10°C. Parameter ATy, is then
calculated as the difference between Ty and T,

Thermal loss due to wind at the skylight is estimated
from

(12)

in which U is wind velocity and cp.; is the specific heat
capacity of air, which is obtained as described for air
parameters for Qgeony. Our daily measurements of wind
speed at the Pu’u ’O’o-Kupaianaha flow field during
October 1995 give a range of 1-12 m s™', with a mean of

stind =U ATsky Pair CPair Asky,
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6+1ms™, similar to U of 3-4 m s~! reported by Kesz-
thelyi and Denlinger (1996) in March 1993.

Thermal loss due to rain falling through the skylight
is given by

erain = aR/at Asky PH20 LHZO * > (13)

however, this term will only be relevant when rain is
actually falling. Since we are basing our analysis on ob-
servations using cloud-free TM images, we assume that
no rain is falling and therefore do not include this term
in our estimation of Qgyy.

Surface flows
The thermal flux due to Qg is described by:

qurf =
erad + (chonv or waind) + chond + erain + Qfgasv (1 4)

in which eradv chonv, waind, eraina chond;and Qfgas are
the thermal fluxes due to radiation, free and forced
convection, rain, conduction, and exsolution and escape
of the gas phase, respectively (Fig. 6).

Equations (1) and (2) apply to Q,,, for moving lava;
hence, parameters are set accordingly to calculate the
thermal fluxes. For parameters obtained from the TM
images this requires the identification of those pixels
within which it is reasonable to expect lava to still be
flowing. Our observations of active pahoehoe lobes at
the Pu’u ’O’o-Kupaianaha flow field show that flows
typically develop over a time span of 5-20 min
(~0.1-0.3 h). After this time forward motion has usual-
ly ceased, although lobes may continue to expand
through inflation (Hon et al. 1993, 1994). Therefore, in
calculating Qs We use those pixels containing lava less
than 0.1-0.3 h old (Table 2).

Following Oppenheimer (1991) and Harris et al.
(1997b), we estimate Qgaq using the TM data from
erad: Zl (U Apixel [fcX Tcx4+(1 _fcx) Thix4]) (15)
in which n is the total number of pixels containing mov-
ing lava, and A, is the area of pixel x (900 m?). Pa-
rameters f.y, fuix (=1-fx), Tex, and Ty, are the fractions
and temperatures of the crusted and integrated high-
temperature components occupying pixel x. These pa-
rameters are estimated by applying the methods and as-
sumptions given by Flynn et al. (1994) on a pixel-by-
pixel basis. In this study, Ty is set at 900 %100 °C and
Tex, fox» and fri, are calculated using TM bands 5-7
(Flynn et al. 1994). The resulting T, f., and f,ix range
from 126 to 425°C, 0.99998 to 0.998 and 1.9x107° to
1.95x 1073, respectively.

We estimate Qg.ony by assuming that free convection
occurs from a surface at T, through a thermal boundary
layer at Tyoung, to ambient air at T,;,. In this case

chonv= Z (014 Apixel Kair [g dair pair/lu/air ,Bair]]/S
x=1
AT*3)  (16)
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Fig. 6 Diagram illustrating heat loss from an active pahoehoe
lobe, with the variables used to calculate each flux (Egs. (14) to
(20)). Values given are typical Pu'u ’O’o-Kupaianaha tube sys-
tem in 1991. The pahoehoe lobe is cooling (top x-axis) and thick-
ening (y-axis) with time (bottom x-axis). The relationships be-
tween time, effective surface temperature (T.), and the thickness
of the core, and the brittle, visco-elastic, and basal crusts are cal-
culated following Hon et al. (1994)

in which, for TM pixel x, AT;=T.-T,;. Over-active sur-
face flows, Kair, Qair, Pairs Mair, aNd B have typically
been set for stagnant air using air at Tyouna €qual to
(Te+Tair)/2 (e.g., Head and Wilson 1986; Oppenheimer
1991; Harris et al. 1997b).

Following Arya (1988) we calculate Qgying using
waind = Zl (Apixel CH U ppair Cpair ATf) (17)
in which Cy is (U*/U)?, where U* is the friction wind
speed. Parameter (U*/U) has been measured by Gree-
ley and Iversen (1987) as ~0.06 at the Amboy lava
field (Mojave Desert, USA). However, in this case, due
to the presence of wind, the relationship used for
Eq. (17) to calculate Tyoung Will not apply. Our measur-
ements of Tyouna IN NON-stagnant air over active pahoe-
hoe flows show that setting Tyouna = (Te + Tair)/2 will set
Toouna too high (Fig. 7). In Eq. (17) we therefore set
Thouna using the relationship obtained from applying a
linear best-fit to the data set given in Fig. 7. Thermal
parameters for air are then set from tables in Kays and
Crawford (1980) using a Tyouna Of 42.605+0.06103T,

o 200 L L 1 L >
< —  — Tpound1= (Te + Tai)/2 _
g Thound2= 42.605 + 0.06103T _ —~
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Fig. 7 Boundary-layer air temperature (Tpoung) for non-stagnant
air over an active pahoehoe lobe with a surface at temperature
T.. Calculated and measured values of Tyouna are given. Tyounar
(dashed line) is calculated from the relationship for stagnant air
(Te+ Tair)/2, in which Ty, is the ambient air temperature at 35°C
(this is T,;, at the time of our field measurements of Tpound)-
Thounaz (Open circles) gives boundary-layer air temperatures mea-
sured in the field above cooling pahoehoe lobes at the Pu’u
’O’0-Kupaianaha lava flow field during October 1995. These
measurements were made at a height of 20 cm above the surface
using a K-type thermocouple mounted on a static thermocouple
stand. Simultaneous temperature measurements were made for
the lava surface directly below the thermocouple using a static,
tripod-mounted Minolta/Land Cyclops 330 infrared (8-14 pm)
thermometer from a distance of 5 m, giving a 30-cm field of view.
These data have been corrected using an 8- to 14-pm emissivity
for basaltic lava of 0.95. The data set consists of 1326 measure-
ments made over three periods lasting 30, 210, and 240 min, re-
spectively. The solid line gives the linear best fit to the Tyounaz
field data

(Fig. 7). We also note that, following Keszthelyi and
Denlinger (1996), Eq. (17) may underestimate Qgying by
a factor of up to 5-7.

Free- (Qfconv) and forced- (Qgying) convection cannot
occur together: Q¢cony Will occur only if wind speeds are
sufficiently small (Head and Wilson 1986). Therefore,
following Wilson and Head (1994), we use whichever is
the greater of Qgeony and Qpgying in estimating Qgye
(Eq. (14)).

Thermal flux Qgcong is Obtained from

Q[cond= E (Apixe] Klava [ATbase/hbasex])

x=1

(18)

in which ATy, is the temperature difference between
the top and bottom of the basal crust and hyasex is the
thickness of the basal crust for the active flow in pixel x
(Fig. 6). We set ATy, using a temperature for the top
of the basal crust of 10655 °C, the temperature mea-
sured at the core-crust contact in Hawaiian lava lakes
(Peck et al. 1966; Wright and Okamura 1977; Peck
1978), and a bottom temperature of 800=%100°C, typ-
ical of those measured by Keszthelyi (1995b) 1-20 min
after emplacement. The thickness of the basal crust is
estimated on a pixel-by-pixel basis using the pixel T, in
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Fig. 8 Qgcona as a function of time calculated from field measure-
ments (Keszthelyi 1995b) and using Eq. (18). Equation (18) has
been run using a temperature at the bottom of the basal crust
(Thase) of 800100 °C, with a basal crust that thickens with time
according to the relationships given by Hon et al. (1994)

the relationship between temperature, time, and crustal
thickness given by Hon et al. (1994; Fig. 6.) This ap-
proximation of Qg.,ng gives a conductive thermal flux
which is similar to those derived from field measure-
ments of basal cooling by Keszthelyi (1995b; Fig. 8).
Fluxes Qpain and Qyg,s are obtained using the total
lava flow area estimated TM data, Ag,, (Table 2), in

erain = aR/at Aﬂow PH20 LHZO * (19)
and
Qfgas = Fgas Cpgas ATgas + FHZO LH20> (20)

in which F,,s and cp,.s are the flux and specific heat
capacity of gas released by the active flows, respective-
ly, with the latter having a value of 1600 J kg~' K~ for a
mixture of CO, and H,O at 700 K. Parameter AT, is
the cooling of the gas from magmatic (~1150°C) to
ambient (~30°C) temperatures (i.e., 1120°C), Fypo is
the flux of water vapor from the active flows, and Lo
is the latent heat of water condensation
(2.26 x10°J kg™). Using the surface-degassing flux and
gas composition measurements given by Cashman et al.
(1994) for the Pu’u ’O’o0-Kupaianaha flows, we obtain
Foas and Foo of 0.14 and 0.12 kg s7!, respectively, for
an average lava flux ~1.7 m?s™. Since the TM images
that we are using are cloud free, we assume that rain
was not falling at the time of image acquisition. There-
fore, as with Qg,in, Wwe do not include the Qg.,i, term in
our estimation of Qg

Ocean-entry flows

Heat lost by lava flowing into water (Qqcean) iS given
by:
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rocan = Qwater + Qvapv (21)

in which Qy..., is the heat required to raise the temper-
ature of the water body and Q.. is the heat lost by the
vaporization of water (Fig. 9). We describe the former
using
Qwater= (pwater prater ATwater Vwater)/R- (22)

In this case pyater aNd CPwater are the density and spe-
cific heat capacity of seawater, 1020kgm™ and
4005 J kg™ K, respectively, for water temperatures of
30-40°C (typical of the lava-heated water off-shore of
this flow field; Sansone and Resing 1995). Parameter
ATyaer 18 the temperature difference between the water
within the plume heated by the submarine flows and
the surrounding non-heated water at ambient tempera-
tures. Vyaeer 1S the volume of water heated by ATy acer
(Fig. 9). We calculate AT, using TM band-6 data to
estimate the temperature of the warm-water plume
(Tpume) and ambient, unheated sea-surface tempera-
tures (Tocean)’ i-e~v ATwaterZTplume_Toceanv Wlth ATwater
having a value of 1-20°C for this plume (Appendix A).
Parameter R is the residence time of the water within a
known area or the time that a parcel of water takes to
travel a known distance. This is defined by R =L¢er/
C,, in which C, is the current velocity and L., is the
distance across the known area in the current direction.
Off-shore of the active flows at Kilauea, C, is typically
0.05ms™. R is 600 s because we set Lyaer €qual to the
length of a TM pixel (30 m).

Measurements by Sansone and Resing (1995), using
a thermister lowered from a boat through the plume,
show that the ocean-surface thermal anomaly affects
only the top 1-3 m of water. This thickness also shows
variation with temperature, plumes at ATy, of >15
and =15°C typically having thicknesses of 0.5-1.5 m
and 1-3 m, respectively (Sansone and Resing 1995). We
therefore estimate V., using a thickness of 1+0.5 m
for pixels with AT . >15°C and 2+1m for pixels
with ATy.er<15°C. Using the heated water plume
identified in the July TM image (Fig. 4a) and a typical
thickness of 2+ 1 m gives a total volume of heated wa-
ter of 1.6 x10° and 7.8 X 10° m® and Q.aeer of 4.96 and
2.07 GW for the Poupou and Paradise entries, respec-
tively, or a total of 7.03 GW. All estimates have errors
of £50%. Our estimates for Qy..r are consistent with
estimates for total Q..; based on in situ plume tem-
perature measurements made during mid-1989 and
April 1991, respectively, of 2.0-3.5 and 7.0 GW (Resing
1997).

We estimate Q,,, from

Qvap = (pwater I~H2O + Vvap)/Rv (23)

in which V,,, is the volume of water vaporized. Field
measurements of the heated water plume off-shore of
the Pu’u "O’0-Kupaianaha flows during 1989 and 1991
show a 1% increase in salinity within the plume (Res-
ing 1997). This indicates that 1% of the total water vol-
ume heated by AT,..r is being vaporized, i.e.,
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Fig. 9 Top Relationship between Qqcean and AT, for several
plume thicknesses (Hpume) typical of the lava-heated warm-water
plume off-shore of the Pu’u ’O’o-Kupaianaha lava flow field.
Bottom Diagram showing the sources of heat loss, and the varia-
bles used to calculate them (Egs. (21) to (23)), for a lava flow
entering a water body

Viap=1% 0f Vyuer. This gives Vy,, of 9+4.5m> per
pixel.

Discussion of flow-field activity and effusion rates

Using the characteristic size, shape, and form of various
eruption features in TM thermal data described by
Flynn et al. (1994), we examined the two TM images to
identify, measure, and map active features within the
flow field. Analysis of the distribution of thermal ano-
malies in images reveals several areas of surface flows
fed by tube systems, which in the 23 July 1991 image
extended to the coast (Fig. 4).

Herein we also develop Flynn et al.’s (1994) use of
“magnitude” as “the relative abundance of the radia-
tive flux from the anomaly when compared with that of

non-anomalous pixels,” to analyze the flow-field ano-
maly. Areas of active and recently active lava on both
TM images cause anomalous zones of elevated ra-
diance. Within this anomalous area we define six ra-
diance zones based on the magnitude of the flux within
each zone (Table 3). For each zone we estimated the
mean effective temperature (T.) of the flow surface.
Using T, in the surface cooling vs time relationship giv-
en by Hon et al. (1994, Eq. (6)) we were able to esti-
mate the mean time since emplacement for flows within
each magnitude zone (Table 3). From Table 3 it is ap-
parent that zones with higher magnitudes are occupied
by flow surfaces with higher effective temperatures and
lower ages.

The tube system

In both images the tube system can be traced as a sin-
uous line of low-magnitude pixels extending from a lo-
cation ~ 360 m south-southeast of the Kupaianaha lava
lake, itself identifiable as a zone of low-magnitude pix-
els (Fig. 4; Table 3). This indicates Kupaianaha as the
source of the tube system. Indeed, these anomalies are
the result of the active Wahaula tube system extending
from the Kupaianaha vent (Fig.1; GVN 1990a, b,
1991a—e). High-magnitude pixels at points along the
tube system locate two to three skylights (Fig. 4). Our
image-based skylight-area estimates given in Table 2
and obtained using the method of Flynn et al. (1994)
agree with field estimates of 5-10m? per skylight
(J. Kauahikaua, pers. commun.).

The contribution of Qg to Quune depends on the to-
tal area of the skylights; the greater the area of sky-
lights per unit length (Ag/Lwve), the greater will be
the contribution of Qgy. Using Agy and L. calcu-
lated using the TM data, Agy/Liube for this tube system
is ~0.01 m*/m on 23 July and 11 October, resulting in
an identical percent contribution from Qgky to Qupe ON
both dates (Fig. 10). In terms of the total thermal loss
from this tube system and total flow-field system, we
find that losses due t0 Qgconvs Qswing, aNd Qgrain are triv-
ial (Fig.10). This is in agreement with Keszthelyi
(1995a) who found the contribution of Qg, to be negli-
gible.

Our estimates for thermal flux density, i.e., total
thermal flux divided by the area over which that flux
occurs, from this active tube system, along with the typ-
ical values of variables used for this tube system are
given in Fig. 5. Total thermal flux from the entire active
tube systems feeding the Pu’u ’O’0-Kupaianaha flow
field on 23 July and 11 October 1991 is given in Fig. 10.
Our estimate for total thermal flux density for the ac-
tive tube system of 2.2 X 10* W m™" is in agreement with
the value of ~2.4x10* W m™" estimated for this tube
system by Keszthelyi (1995a) and translates to a cooling
rate within the lava tube of ~1°C km™". This is consis-
tent with direct field measurements (Helz et al. 1991).



Table 3 Magnitude zones and threshold applied to define each
zone on the 23 July (23/7) and 11 October (11/10) 1991 T™
images, with the number of pixels, mean effective temperature
(T.) and age or time since emplacement for lava within each
zone. DNy is the pixel digital number in band x, By is the back-
ground DN in channel x (we use the mean and standard deviation
of ~5500 non-anomalous pixels) and SAT is saturation, i.e. the
highest recordable DN. Note that (1) Band 6 can detect radiance
from surfaces at temperatures higher than —60°C, but bands 7 or
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5 will not detect radiance until a surface has reached 120 or 220 °C
respectively; and (2) band 7 is more sensitive than band 5 to typ-
ical active lava temperatures. Given a pixel occupied by ambient
ground at 45°C and lava at 900 °C, lava must occupy ~3% of a
band 7 pixel in order to saturate, yet a band 5 pixel would not
saturate until lava occupied ~17%. Therefore, our thresholds be-
come increasingly “tight”, i.e. pixels must be increasingly “hot” to
pass thresholds (1) to (6)

Magnitude Threshold description No. of pixels Mean T, (°C) Age (h)
23/7 11/10 2377 11/10 23/7 11/10

1 Low DNg>Bs+5 680 +444* 432+£134* 97+27 11418 30+9 22+6

2 Low-moderate =~ DN,>B;+5 1530618 2347+779 198+15 193+13 6*1 6+1

3 Moderate DN;s>Bs+5 1241 £450 1420571 266+ 8 248+14 2+02 25%0.5

4 Moderate-high  DN;=SAT; 102+ 5 64+ 1 392+ 2 385+ 2 0.2+0.01 0.3+0.01
DN5s=B5+4100

5 High DN, =SAT; 26+ 1 10+ 1 416+ 1 418+ 1 0.2%0.01 0.2%0.01
DN;s;=Bs+100

6 Very high DNs+DN,;=SAT 13 1 >425 >425 <0.1 <0.1

2 Count for 120 x 120-m band-6 TM pixels; all other counts are for 30 X 30-m band-5 or band-7 pixels (see Table 1)

Active lava flows

In Fig. 4 mapped flows emplaced within 6 and 60 h of
image acquisition are shown. On the 23 July image, we
note three main areas of 6-h-old flows: (a) flows at
400 m elevation; (b) an eastern flow zone; and (c) a
western flow zone (Fig. 4). These areas are surrounded
by a larger area of flows up to 60 h old. The flows at
400 m elevation issue from the master tube, which bi-
furcates at an elevation of ~180 m, beneath the zone of
60-h-old flows. The western branch feeds the western
flow zone and enters the sea at the Poupou ocean en-
try, and the eastern branch feeds the eastern flow zone,
entering the sea at the Paradise ocean entry (Fig. 4a).
The thermal distribution resulting from the higher
(~400 m elevation) flows and the lower (10-100 m ele-
vation) flows is also apparent in a thermal map pro-
duced using AVHRR data acquired on the same day
(Fig. 11a). However, the lack of anomalous radiance
between the 340 and 490 m elevation on all subsequent
AVHRR thermal maps indicates that the higher flow
had become inactive by 14 August (Fig. 11). This is
consistent with an absence of thermal radiance in this
area on the 11 October TM image (Fig. 4b) and the in-
terpretation by Flynn et al. (1994) that radiant flux den-
sity emitted by the 400 m elevation flows indicated
waning surface activity. This is evident on Fig. 4a from
the larger low-magnitude (light-gray) zone surrounding
the high-magnitude (dark-gray) zone. We interpret the
lower-magnitude zone as resulting from cooler, station-
ary, but possibly still-inflating flow units emplaced dur-
ing a period of more extensive surface activity between
6 and 60 h before this image was acquired.

By 11 October we note a shift in the main zone of
active flows from the central flow field area to the west-
ern edge. Westward transition of the active flow zone
has resulted in the inundation of land previously un-

touched by this eruption within the Royal Gardens sub-
division (Fig. 4b). These developments are also appar-
ent from thermal maps produced from the AVHRR
time series, with zones of highest radiance overlapping
the western flow field margin from mid-August through
mid-October (Fig.11), and are confirmed by ground
observations (compare Figs. 1, 4, 11), which show sur-
face flows extending beyond the western margins of the
pre-existing flow field during August and September
(Fig. 1c; GVN 1991c, d). Flows destroyed two of the re-
maining houses in the Royal Gardens subdivision ap-
proximately 2 weeks after the October TM image was
acquired (GVN 1991e).

The frequency distribution for the temperature of,
and the pixel fraction occupied by, the crust (T, and f;)
calculated from the TM data show nearly identical fre-
quency distributions on both dates (Fig. 12). Our calcu-
lated T. and f. show that crust with temperatures of
150-250°C typically occupy >99.98% of the flow sur-
face. Measurements by Hon et al. (1994) show that an
active pahoehoe field can continue inflating for up to
350 h after flow emplacement. We suggest that our fre-
quency distribution is dominated by inflating units al-
most totally covered with crustal, material at Ty; being
exposed at cracks occupying <0.02% of the surface.
The remaining pixels in the tail of Fig. 12b, with lower
crustal coverage (99.80-99.97% ), may be due to pixels
occupied by active breakouts and forward-moving lava
flow units. At such pixels the increased exposure of
high-temperature material (now covering 0.03-0.2% of
the surface) would be explained by ruptures and tears
in the crust at the active breakouts. We speculate that
such frequency distributions may be a means of distin-
guishing pahoehoe and ’a’a flows. The different crustal
characteristics of the two flow-field types, the pahoehoe
field dominated by uniformly crusted inflating lobes
and the ’a’a flow characterized by channels covered by
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Fig. 10 Heat fluxes calculated, with percent error on each value,
for the Pu’u ’O’o-Kupaianaha lava flow field on 23 July and 11
October 1991. The percent contribution of each flux both to the
relevant sub-flux (Quube, Qsurr, and Qge,) and the total flux (Qyo) is
given for both dates. Fluxes marked by gray shading are not in-
cluded in Q. Since free (Qgeony) and forced (Qgwing) cannot oc-
cur together, only the dominant convective flux (i.e., Qgyina) is in-
cluded in Q. Qgrain and Qgainare also not included since rain was
not falling at the time of measurement. (N.B. Qgca = Qocean)

a discontinuous crust of clinker, would reasonably re-
sult in different frequency distributions for T. and f..
Previous models describing the thermal flux from
surface lava flows have assumed, but not proven, that
the contribution of Qg.ong is negligible (e.g., Danes

1972; Oppenheimer 1991; Harris et al. 1997b). Howev-
er, our model shows that Qg..,g i not negligible
(Fig. 10). During the first few seconds of emplacement,
when the basal crust is very thin, Q¢.ona dominates over
all other heat fluxes (Fig. 13). By approximately 6 s aft-
er emplacement, thickening of the basal crust results in
a decrease in the relative contribution of Qg.opng t0 Qgurs-
However, Qtcona contributes 15-40% of Qgy,r during the
first 10 min of flow emplacement and 10-30% there aft-
er (Fig. 13). This is consistent with the relationships giv-
en by Hon et al. (1994), which give basal crusts that are
33% of the total flow thickness during pahoehoe lobe
cooling (Fig. 6). We therefore suggest that Qg.ong can-
not be ignored if this thermal model is applied to a pa-
hoehoe flow. Our observations of Hawaiian ’a’a flows
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Fig. 11 Thermal maps of the Pu’u ’O’o-Kupaianaha lava flow
field made using AVHRR data acquired between July and Octo-
ber 1991. We map Ryyore, the amount by which the presence of
active lava in a band-4 pixel has elevated the band-4 radiance for
that pixel above that of the ambient background. Pixels were re-
sampled using the technique given by Harris et al. (1995, 1997a)
and fitted to a map of the Pu’u ’O’0-Kupaianaha flow field using

Pu’u ’O’0 and Kupaianaha as tie points

give basal crusts which represent 10-30% of the total
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flow thickness. For a typical ’a’a flow with a thickness
of 1m, and a hypothetical basal temperature of
600+300°C, Qeona contributes 10-30% of the total

thermal flux (Qgys) during the first 2 h of ’a’a flow em-
placement. Thus, we also suggest that Q¢.,na cannot be
ignored if this thermal model is applied to an ’a’a flow.
However, fluxes Qgin and Qyg,s are trivial and their

contributions to Qg can safely be assumed to be insig-

nificant (Fig. 10).
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Ocean entry

The 23 July TM image shows that both the west and
east branches of the Wahaula tube reach the sea, where
ocean-entry sites are apparent as high-magnitude ther-
mal anomalies in bands 5 and 7 (Fig. 4a). However, the
11 October TM image shows no ocean entries (Fig. 4b).
Ground observations show a western tube establishing
during August and October 1990 (GVN 1990b) that fed
the Poupou ocean entry until 20 September 1991 (GVN
1991d). The eastern tube was established during April
1991 and eventually fed the Paradise entry (GVN
1991a), which became inactive on 3 September 1991,
when “numerous breakouts and surface flows appar-
ently reduced lava supply to the ocean entry” (GVN
19914d).

Off-shore of the Poupou and Paradise ocean entries
on the 23 July TM image, we observe two thermal ano-
malies in band 6, within which ocean-surface tempera-
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Fig. 13 OQtwind> Qfrad> Qfeona, and T, as a function of time, where
T. has been estimated using the relationships given by Hon et al.
(1994) and parameters typical of pahoehoe lobes at Pu’u
’O’0-Kupaianaha lava flow field during 1991 (Egs. (15) to (18);
Fig. 6). Qq.ona has been calculated using Tyase of 800+ 100 °C, with
a basal crust which thickens with time according to the relation-
ships given by Hon et al. (1994)

tures are elevated by between 1 and 8°C (defined as
AT yaer) above the surrounding ambient ocean-surface
temperatures (Fig. 4a). The two thermal plumes extend
between 1200 and 800 m off-shore, covering an area of
7.8x10° and 3.9 x10° m?, at the Poupou and Paradise
,entries, respectively. This compares well with ~1200 m
seaward extension of the thermal plume observed by
Sansone and Resing (1995, Fig. 2f) during March 1991.
However, Sansone et al. (1991) measure maximum
AT ater Of up to 43°C. Using band-6 pixels which are
entirely filled by ocean, we observe a maximum ATy, e;
of just 8 °C. This is because the maximum temperatures
occurred within ~100m of the shore and therefore
within mixed land/ocean pixels not considered using
this approach. Therefore, to estimate the maximum
AT yarer Within such mixed coastal band-6 (120-m) pix-
els, we apply the mixture modeling technique given in
Appendix A. This approach gives maximum AT, of
14-20°C and 17-19°C at the Paradise and Poupou en-
tries, respectively, with maximum ATy.., Occurring
within 30 m of the shore. This compares well with a
mean AT, of 20°C obtained from in situ tempera-
ture measurements between 1989 and 1991 (Sansone
and Resing 1995). To assess the accuracy of our results,
we also applied the approach of Appendix A to mixed
coastal pixels containing water at ambient tempera-
tures. The TM image shows ambient ocean-surface
temperatures to be nearly uniform off-shore of the Pu’u
’O’0-Kupaianaha flow field. This enabled us to assess
the accuracy of the method by comparing ocean-surface
temperature calculated from mixed land-ocean pixels
with that expected from adjacent pixels fully occupied
by ocean. Testing the method on 20 mixed coastal pix-
els gave ocean-surface temperature to within 0.3-3.7°C



of the temperature expected from off-shore ocean filled
pixels. We therefore expect similar accuracy when ap-
plying this approach to plume pixels.

Our results show that Qeean Will vary between
5x10* and 1.35x10° W m~ depending on the depth
and magnitude of the temperature anomaly (Fig. 9). At
ocean surfaces and crater lakes, differences of
0.1-1.5°C have been found between the surface tem-
perature and the bulk temperature (Paulson and Simp-
son 1981; Schluessel et al. 1990; Oppenheimer 1997).
Since our measurements are of the ocean-surface tem-
perature when bulk temperature should be used in esti-
mating AT, ..r, such “skin effects” will introduce error
into our estimate of Qocean. However, Fig. 9 shows that
error in ATy, of 0.1-1.5°C should result in negligible
error in the estimation of Qg...n. Residence times show
that heat at the distal end of the warm water plumes
was generated 4-7 h previously. Water at the distal end
of the plume is ~1260 m off-shore of the heat source,
given a current velocity of 0.05 ms™; this water must
have been heated at the source 2.52 x 10* s previously.
Because we are only interested in heat lost by currently
moving flows, we use those pixels within which water
was heated within 0.2+0.1 h. By using the pixels with
the maximum ATy, at each of the ocean-entry points,
this allows the thermal flux released within the last
0.2+0.1 hours to be estimated. This gives Qocean Of
2.7%x10® W, where Q,,, accounts for 12% of this total
(Fig. 10).

Effusion rates and thermal flux

Effusion rates estimated using VLF electromagnetic in-
duction (Kauahikaua et al. 1996) give results of 1.36
and 0.89 m® s~! on 23 July and 11 October 1991, respec-
tively, both estimates having errors of ~10% (J. Kaua-
hikaua, pers. commun.). Using the Q,, for these two
dates obtained using our thermal model with the input
parameters derived as described (Table 4), we obtain
similar rates of 1.76+0.57 and 0.78£0.27 m®*s™' on 23
July and 11 October. On 23 July we estimate that 36%
of the lava was reaching the coast, flowing into the
ocean at a rate of 0.65£0.20 m?s™'. Considering the
contribution of each thermal flux to the total flux from
the active flows at Kilauea on 23 July and 11 October
1991, we find that along tubed portions of the flow heat
loss due to convection, conduction, rain, and radiation
dominate (Fig. 10). Thermal loss from skylights will be
significant only if the skylights are numerous enough.
For surface flows, heat loss due to radiation, forced
convection, and conduction are significant, and for sub-
marine flows heat lost to the water and vapor plume
must be considered. All other fluxes are negligible
(Fig. 10). Considering just these most significant ther-
mal fluxes in the thermal/effusion rate model would
make little difference to the calculated effusion rate.
Once all parameters have been set, our software and
calculations then take approximately 1 h to complete.
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Fig. 14 Effusion rates for surface flows only calculated by apply-
ing the method of Harris et al. (1997b) to cloud-free AVHRR
images of the Pu’u ’O’o-Kupaianaha flow field acquired between
July and October 1991. This method gives a range of effusion rate
estimates, the upper and lower limits of which are given by open
circles and black squares, respectively. Effusion rates calculated
using TM data (black diamonds) and taken from Kauahikaua et
al. (1996, Fig. 6) and J. Kauahikaua (pers. commun.; open trian-
gles) for surface flows are given for comparison

To determine whether these effusion rates were typ-
ical between July and October 1991, we applied the ap-
proach of Harris et al. (1997b) to calculate effusion
rates from 26 cloud-free AVHRR images of this flow
field acquired during this time. The spatial resolution of
these images is too poor to resolve the ocean-entry
anomaly; hence, our thermal flux and effusion rate esti-
mates are for subaerial flows only (Fig.14). The
AVHRR-derived effusion rate time series was in close
agreement with those effusion rates for subaerial flows
obtained by us and by Kauahikaua et al. (1996). Prior
to the shut down of the Paradise ocean entry, the
AVHRR-based estimates are in agreement with those
obtained from TM data and ground-based techniques
(Fig. 14). Although after this shut-down the AVHRR
estimates are 0.2-1.0m?>s™" higher than other esti-
mates, we feel that this is a reasonable error given the
spatial resolution of the AVHRR data and the slight
(up to ~1 m?s™) temporal variations in effusion rates
over a few hours or days.

If the anomalously high AVHRR-derived effusion
rates of 30 September and 10 October are ignored, then
the time series show that effusion rates for land-based
flows over this period were fairly stable, the decline be-
tween the two TM-derived rates being just
1.1-0.9 m? s™! (Fig. 14). Since, between July and Octo-
ber 1991, total effusion rates at the Pu’u ’O’o-Kupaia-
naha flow field declined (from ~1.4 to ~0.9m?s™),
stable effusion rates for surface flows must have been
achieved by shut-down of the ocean entries. We suggest
that the decline in effusion rates caused the entries to
shut down. However, the stable supply to subaerial
flows (Fig.14) enabled similar, or even slightly in-
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Table 4 Input parameters necessary to calculate lava flow thermal flux and effusion rate using our model

Constants Variables (set using field data)
Parameter Value Parameter Derivation
lava ¥2600 kg/m3 ATgop Set using typical Teyp for the lava
CPlava V1225-J/kg-K (=Terupt — Tstop) composition erupted (i.e., basalt =
L 3x10° J/kg 1000-1200°C, andesite =950 —
airs Xair Set from published tables 1200°C, dacite =800—1100°C,
Mairs Kair Set from published tables rhyolite =700 —900 °C) with Ty,
Bairs CPair Set from published tables of ~800°C
g 9.8 m/s? A¢ Set using petrological data from
Kiava 10" m? lava samples typical of the those
Klava ¥3 W/mK erupted at the volcano analyzed
Biava "Kiava =/( 1ava CPlava) Diuwve, Hiuves Trubes Set using field observations of tube
H,0 958 kg/m? Aloo systems
Lio+ 2.8 MJ/kg OR/ot Set using local rainfall data
1,0 2.26 MJ/kg Ty Set from field measurements,
o 5.67£10 % W/m?K* where Type(=Terupr) to 900°C is
Toound =42.605+0.6103T. a reasonable range for Ty,
Cu =(U*/U)?, where (U*/U) ATy T.i is set using typical local air
is ~0.06 (=Tey—Tair) temperatures from meteorological
CPgas 1600 J/Kg K records
water 1020 kg/m? U Set using local wind-speed data
CPwater 4005 J/kg K ATpace Set using T, the temperature at
0.9 (for basaltic (=T —Thase) the base of the core (approximated
pahoehoe) by Terupt —100°C), and Ty, the

temperature at the contact between
the flow and the underlying rock
(~800°C for pahoehoe)

Feuss Fu,o Set using estimated gas flux from
the flow obtained from field data

AT, Where T,,s will approximate

( = Tgas - Tair) Terupt

Variables (set using TM data)

Variables (set using TM and field data)

Parameter Derivation Parameter Derivation

Liube Measured (see Table 2) AT wbe Where T is taken from field

Ay Calculated (see Table 2) (=Twve — Tsurr) data and T+ is obtained from TM
pixel See Table 1 AT, Where T, is assumed from

. Calculated (=T.—T.r) meteorological data and T, is

fhi Calculated estimated using TM data

T. Calculated Vwater Where Hpjume is the height of the

Thi Assumed: 900+ 100°C (=Hpiume X Area) warm water plume and is assumed
base Estimated as a function of T, from field data and Area is the area

of the plume which can be

Afiow Measured (see Table 2) measured using TM data

AT ater Where Tpiume and Tocean R Where L. is measured using

(=Tpiume — Tocean) are estimated using TM (=Lyaer/Cy) TM data and C, is assumed from field data
. =[f. T+ fii T 1% Viap Where vap is the fraction of Ve

( =Vap X Vwater)

which is vaporized and is assumed
from field measurements

¥ parameter should be corrected for vesicularity, where the vesicularity typical of the flows erupted at the volcano being analyzed

should be used

creased, areal coverage by subaerial flows between July
and October 1991 (Table 2), despite an overall reduc-
tion in effusion rates.

Conclusion

Using our thermal model we obtain effusion rates of
1.76 £0.57 and 0.78+0.27 m>s™" for lava flows at Ki-
lauea on 23 July and 11 October 1991, respectively.

These rates compare with field measurements of 1.36
and 0.89 m>s~! for the same dates (Kauahikaua et al.
1996).

We used input parameters from TM and field data
for the active flows at Kilauea, however we assume that
the models to calculate total thermal flux from an ac-
tive lava flow and effusion rates should be universally
applicable. We used the Kilauea example to show how
input parameters can be set (Table 4) and to test the
accuracy of the model through comparison with availa-



ble field measurements of effusion rates. Close agree-
ment with field-based measurements show that reliable
effusion rates can be obtained using our approach. The
constants (Table 4) should be universally applicable to
any basaltic eruption. Since TM data are potentially
available for any volcano once every 16 days, those var-
iables set using TM data (Table 4) can be calculated if a
cloud-free TM image is available. Other parameters
need to be estimated from other means, e.g., ground or
air-borne observations (Table 4). However, we believe
that the synoptic and regular coverage given by the sa-
tellite perspective provides the most efficient way to
measure flow-wide thermal and dimension parameters.
We note that synergy is required between field data
and remote sensing for the quantification of input pa-
rameters; our approach is not possible unless adequate
field data are available.

Our models can be easily modified to accept data
from a constellation of new instruments under develop-
ment in NASA’s Mission to Planet Earth program. This
will offer much greater access to both high spatial and
high temporal resolution data sets. In terms of high spa-
tial resolution data, Landsat 7 (1998 launch) and the
Advanced Spaceborne Thermal Emission and Reflec-
tion Radiometer (1998 launch) will continue to provide
data in similar spectral regions and bandwidths to
Landsat 5. The Hyperspectral Imager (1997 launch)
and the Advanced Land Imager (1999? launch) are hy-
perspectral instruments that will measure radiance in
hundreds of channels across the 0.4- to 2.5-pm region
of the spectrum. The increased spectral resolution of
those instruments will translate into much more de-
tailed estimates of thermal loss from individual pixels
and, hence, better estimates of effusion rates.

The synergetic use of data sets from different sen-
sors with differing spatial and temporal resolutions,
such as the TM and AVHRR, provide an integrated
data set that is both spatially and temporally detailed.
Such a data set allows flow-field evolution to be moni-
tored and various flow-field parameters to be mea-
sured. The synoptic coverage of the data, allowing flow-
wide analysis, makes the data a potentially useful addi-
tion to current monitoring techniques, capable of con-
tributing to spatial and temporal analyses of flow-field
evolution. We look forward to the availability of MOD-
IS in 1998, which will offer complete global coverage
every 2 days in 36 spectral channels at 250-, 500-, or
1000-m spatial resolutions, with more frequent cover-
age near the poles.

Appendix A

The pixel-integrated temperature of a mixed TM band-
6 pixel containing land at temperature Tj,,q and water
at temperature Tyaer (=Tpiume O Tocean) can be de-
scribed by:

L(/\GTm) =ﬁand L()\GTland) + (1'ﬁand) L()\()Twater)’
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in which L(AT) is the Planck function radiance for a
blackbody at wavelength A and temperature T, Ag is the
TM band-6 central wavelength, T,, is the pixel inte-
grated temperature of the mixed pixel, and fi.,q is the
fraction of the pixel covered by land. Rearranging al-
lows Tyater to be calculated from

L(/\6Tm) _ﬁand L()\GTland
[1 _fland]

We set Tiang by using the mean temperature of the
nearest band-6 pixels which contain purely land and
fiana by counting the number of 900-m? TM band-1 to
band-5 pixels within the 14400 m? band-6 pixel that are
covered by land (nygg), then

L(A(;Twater) =

fiana =N1.900 X Agoo/ As.

Aooo and Ag are the areas of band-1 to band-5 pixels,
and band-6 pixels, respectively (i.e., 900 and
14400 m?).
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