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Analysis of the Attenuation of Strong Ground Motion 

on the Island of Hawaii 

by  Cl i f fo rd  G. M u n s o n  1 and  Cl i f fo rd  H. Thurbe r  

Abstract We develop a horizontal peak ground acceleration (PGA) predictive 
equation for the island of Hawaii by applying the Joyner and Boore (1993, 1994) 
two-stage regression method to a data set that consists of 51 PGA from 22 events. 
Magnitudes vary from 4.0 to 7.2, and event depths vary from 4 to 14 km. The 
resulting equation is 

lOgl0PGA -= 0.518 + 0.387 (M - 6) - log10 r - 0.00256r + 0.335S, 

where PGA is measured in units of  g, M is magnitude, r = (d 2 + 11.292) 1/2, and S 
is 0 for lava sites and 1 at ash sites. The distance parameter d is the closest distance 
from the recording site to the surface projection of  the fault rupture area and varies 
from 0 to 88 km for the Hawaii PGA data set. We find that the attenuation of  high- 
frequency strong ground motion is significantly greater than a previous relationship 
used for the island of Hawaii. The ash site coefficient S, which represents acceler- 
ometer sites with shear-wave velocities that vary from 60 to 200 m/sec, is generally 
larger than the soil site coefficients in other attenuation relationships. 

Introduction 

The island of Hawaii has been the site of numerous large 
earthquakes (M > 6) and at least one great earthquake in 
historic time. Crustal earthquakes in Hawaii ultimately orig- 
inate from volcanic activity and include both swarms of 
small-magnitude volcanic events, resulting from magma in- 
trusions beneath or next to Manna Loa and Kilauea 
Volcanoes, and larger tectonic events due to stresses exerted 
on the volcano flanks. These large events result from the 
growth of rift zone dikes that laterally compress the adjacent 
flanks of Manna Loa and Kilauea (Ando, 1979; Crosson and 
Endo, 1982; Dvorak et al., 1986; Bryan, 1992). Examples 
of such events include the 1868 M ~ 8 great Kau earthquake, 
the 1975 Ms = 7.2 Kalapana earthquake, the 1983 M s = 
6.6 Kaoiki earthquake, and the 1989 Ms = 6.1 South Flank 
earthquake. In addition, upper mantle earthquakes, occurring 
beneath the island at depths greater than about 15 km, result 
from flexure of the lithosphere under the gravitational load 
of the island (Klein and Koyanagi, 1989). 

The most seismically active flank areas are the south 
flank of Kilauea and the Kaoiki and Hilea seismic zones 
located on the southern flank of Manna Loa (Fig. 1). Focal 
mechanisms of earthquakes in the Kaoiki and Hilea areas 

1present address: U.S. Nuclear Regulatory Commission, MS: O-7H15, 
Washington, DC 20555. 

include both near-vertical strike-slip earthquakes (between 
4 and 11 km in depth) and low-angle decollement-type earth- 
quakes (between 6 and 12 km in depth) (Endo, 1985). Large 
events on the south flank of Kilauea, such as the 1975 Ka- 
lapana and 1989 South Flank earthquakes, occur along the 
interface between the top of the prevolcanic sea floor and 
overlying lava flows (about 9 km in depth) as low-angle 
thrust events (Crosson and Endo, 1982; Bryan, 1992). 

Wyss and Koyanagi (1992) point out that some of the 
recent destructive earthquakes in Hawaii have not attracted 
nationwide attention since the loss of property was relatively 
low. However, major earthquakes have occurred near areas 
that are now undergoing rapid development such as the Puna 
and Kau districts. The northeastern part of the island along 
the Hamakua coast is also growing rapidly (Fig. 1). Much 
of this region is covered by a thin (_-__6 m) layer of low- 
impedance volcanic ash (see Fig. 2) and is therefore suscep- 
tible to enhanced ground motion. Seismic wave amplifica- 
tion in these soft soils occurred during the 1973 Ms = 6.2 
Honomu earthquake, located approximately 10 km north of 
Hilo, and the 1983 Kaoiki event. Nielson et aL (1977) report 
that most of the damage ($5.6 million) from the 1973 Hon- 
omu earthquake, particularly to residential structures, oc- 
curred in the ash deposits along the Hamakua coast within 
a 20-km radius of the epicenter. Structural damage from the 
1983 Kaoiki earthquake ($7 million) was also greater in the 
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Figure 1. Shaded relief map of the island of Hawaii showing earthquake locations 
as circles (scaled by magnitude), population centers, volcanoes, and major fault and 
rift systems. 

areas of the South Hilo District and Wood Valley where 
buildings are constructed with post-and-pier foundations. 
During the 1973 Honomu, 1975 Kalapana, and 1983 Kaoiki 
earthquakes, many of these homes sustained greater struc- 
tural damage than structures with concrete slab foundations 
primarily because of lateral displacement of the piers and 
subsequent decoupling of the piers from the houses (Bu- 
chanan-Banks, 1987). 

Recent work on seismic hazards in Hawaii includes a 
catalog of isoseismal maps for earthquakes on the island 
(Wyss and Koyanagi, 1992) and probabilistic estimates of 
peak horizontal ground acceleration (PGA) (Klein, 1994). 
Wyss and Koyanagi (1992) show that the attenuation of seis- 
mic waves in the crust is stronger in Hawaii than for other 
areas of the United States, based on the steeper gradient of 
isoseismals as a function of epicentral distance for earth- 
quakes in Hawaii. In a plot of magnitude versus maximum 
intensity, they also show that Hawaii earthquakes have to 
register at least a unit in magnitude greater than those in 
California to produce the same maximum intensity. Klein 
(1994) quantifies the seismic hazard in southern Hawaii by 
estimating probabilistic PGA as a function of exposure time. 
The results of his study show that the active flanks of Kilauea 

and Mauna Loa can reasonably expect (10% probability of 
exceedance) a PGA of 1.0 g within an exposure time of 50 
yr. Since the Hawaii PGA data set considered by Klein 
(1994) consists of only 33 PGA from seven Hawaii earth- 
quakes, he does not derive a distinct PGA predictive equation 
for Hawaii. Instead, Klein uses the Boore et  al. (1993) 
(BJF93) attenuation relationship (class B site term) shifted 
upward by a factor of 1.2. Klein (1994) uses a modified 
version of the BJF93 attenuation relationship because it ap- 
proximates the distance dependence of the Hawaii PGA data 
set better than six other published peak acceleration predic- 
tive equations• However, the BJF93 attenuation relationship 
is mostly based on California PGA, including 63 PGA from 
the 1989 Mw = 6.9 Loma Prieta earthquake and 95 PGA 
from the 1992 M w -- 7.3 Landers earthquake. 

Rather than fitting the Hawaii PGA data set to an exist- 
ing attenuation relationship, we derive a peak acceleration 
predictive equation using an expanded data set, 51 PGA from 
22 Hawaii earthquakes. We add to the Hawaii PGA data set 
considered by Klein (1994) by including additional PGA 
from recent (1993) Hawaii earthquakes and smaller PGA 
(<0.05 g) not reported in the U.S. Geological Survey 
(USGS) yearly Strong Motion Program reports. We also 
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Figure 2. Current (solid triangles) and previous (open triangles) strong-motion ac- 
celerograph sites. Ash deposits are shaded and elevation contours are indicated by 
dotted lines• 

searched the Hawaiian Volcano Observatory (HVO) seis- 
micity catalog to find the locations and magnitudes of six 
strong-motion records identified in the USGS Strong Motion 
Program reports only by time intervals between site visits 
(usually less than 1 yr). To facilitate a comparison to the 
BJF93 attenuation relationship used by Klein (1994), we use 
the two-stage regression method of Joyner and Boore (1993, 
1994). We find that the attenuation of high-frequency strong 
ground motion on the island of Hawaii is significantly 
greater than that for the western United States modeled by 
the BJF93 attenuation relationship. This difference is ac- 
counted for by the inclusion of a geometric spreading co- 
efficient (fixed at - 1 )  together with a negative anelastic 
attenuation coefficient in the Hawaii attenuation relation- 
ship. The BJF93 predictive equation combines these two dis- 
tance terms since the anelastic attenuation coefficient was 
initially positive with the geometric spreading coefficient 
fixed at - 1. The greater attenuation on the island of Hawaii, 
observed by this study and previous studies (Savage, 1987; 
Scherbaum and Wyss, 1990; Wyss and Koyanagi, 1992), is 
due to a highly fractured volcanic pile that is less capable of 
transmitting higher-frequency ground motion than rock in 

the western United States. In addition, we find that the ash 
site term is statistically significant, implying that site geol- 
ogy has a significant effect on PGA on Hawaii. This effect 
is characterized by large high-frequency reverberations in 
the thin shallow ash layers that cover large portions of the 
island and is dramatically illustrated by strong-motion re- 
cords from the 1983 Kaoiki earthquake recorded at ash sites 
in Hilo, Waimea, and Honokaa. 

Strong-Motion Sites 

The Hawaii strong-motion network began in February 
1973 when accelerographs were installed in Honolulu, 
Oahu, and at Hawaii National Park (Porcella, 1983). From 
1976 to 1980, the strong-motion network was expanded to 
include 15 accelerograph stations on the island of Hawaii. 
Figure 2 shows the locations of current and previous acce- 
lerograph sites, and Table 1 lists the station name abbrevi- 
ations used by this study. All are ground-response stations 
equipped with Kinemetrics SMA-1 accelerographs. The nat- 
ural frequency of the SMA-1 is about 25 Hz, and the damp- 
ing ratio is about 60% of critical (Hudson, 1979). Although 
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Table 1 
Hawaii Strong-Motion Sites 

Name Site 

HVO 1 
HVO2 
HNP 
UHH1,2 
HIL3 
HIL5 
HIL6 
HOM 
HON1,2,3 

KCG 
KFS 
KPS 
KHP 
LAU 
MKC 
MKS 
MLO 
PAH 
PAF 
PUN 
WAIl,2 
WKB 

Hawaiian Volcano Obs. 
Hawaiian Volcano Obs. Warehouse 
Wahaula Utility Center 
UH-Hilo (Cloud Physics Lab., Wentworth Hall) 
Hilo Sewage Treatment Center 
Hilo USDA Lab (formerly U.S. Fish and Wildlife) 
Old Hilo Hospital 
Honomalino (MacFarms) 
Honokaa (Central Service Bldg., High School, Police 

Station) 
Kilanea Camp Ground 
Kallua Kona Fire Station 
Kohala Kapaan Police Station 
Kona Hospital (Kealakekua) 
Laupahoehoe Post Office 
Manna Kea Visitor Center 
Manna Kea Summit 
Manna Loa NOAA Obs. 
Pahala Kau Hospital 
Pahoa Fire Station 
Punaluu Village Service Bldg. 
Waimea (School, Fire Station) 
Waiohinu Kau Baseyard 

the majority of accelerograph sites are located on lava, there 
are currently four stations located on volcanic ash in Hilo, 
Honokaa, Waimea, and Pahala. 

Volcanic ash deposits are air-fall deposits erupted 
mainly from Manna Kea Volcano, with minor contributions 
from Manna Loa and Kilauea (Wieczorek et al., 1982; Rubin 
et al., 1987). The ash consists of weathered, weakly ce- 
mented, fine particles of volcanic glass (Wieczorek et al., 

1982). The ash near Hilo has a high water content due to 
high rainfall in the area and the water-retentive properties of 
the ash (Buchanan-Banks, 1983). Nielsen etal .  (1977) report 
a density of 0.95 to 1.30 g/cm 3 for the ash deposits along 
the Hamakua coast. 

Since no seismic or geotechnical properties have been 
measured for Hawaii strong-motion sites (Maley, personal 
comm., 1994), during the summer of 1994, we collected 
seismic refraction data at four ash sites using both vertical- 
and horizontal-component geophones with 10- to 15-fl spac- 
ing, a 12-channel seismograph, and a 4.5-kg hammer as an 
energy source. To estimate near-surface seismic velocities, 
we used the forward-modeling program MacRay (Luetgert, 
1992). Measured S-wave velocities at the three Hamakua 
coast ash sites (HIL5, WAI2, and HON2) increase from 60 
to 100 m/sec near the surface to approximately 200 m/sec at 
a depth of 3 to 5 m. We measured an S-wave velocity of 
200 m/sec for the Pahala site (PAH) but were unable to es- 
timate a layer thickness. Wieczorek et al. (1982) state that 
the maximum ash thickness is 17 m near Pahala, and Bu- 
chanan-Banks (1983) reports a maximum ash thickness of 6 
m in the Hilo area. 

Significant Strong-Motion Records 

1975 Kalapana Earthquake 

The 29 November 1975 Ms = 7.2 Kalapana earthquake 
is the most damaging earthquake to occur on the island of 
Hawaii since the great Kau earthquake (M ~ 8) in 1868. The 
mainshock was preceeded by an M L = 5.7 foreshock and 
produced a tsunami that reached a height of almost 15 m 
above sea level (Tilling et aL, 1976). The hypocenter of the 
earthquake was located on the south flank of Kilauea Vol- 
cano at a depth of approximately 9 km (Fig. 3). Aftershocks 
occurred over an area 40 km in length and 5 km wide. Three 
SMA-1 instruments triggered on both the foreshock and 
mainshock. The closest strong-motion site to the epicenter 
(40 km), located on the campus of the University of Hawaii- 
Hilo (UHH 1), recorded a peak acceleration of 0.22 g. Harvey 
and Wyss (1986), using strong-motion synthetics, model the 
mainshock as a sequence of six major subevents propagating 
away from station UHH1 toward Punaluu (PUN). This di- 
rection of propagation is based on the different appearances 
of the two accelerograms, as shown in Figure 3. At station 
UHH1, the six subevents are separated by 5 to 10 sec over 
a 55-sec time interval, while at PUN, the subevents occur 
over a 20-sec interval. They conclude that the rupture 
stopped between subevents since dividing the rupture length 
(40 km) by the duration of strong ground shaking (~-50 sec) 
results in a rupture velocity of only 0.8 km/sec, (about 25% 
of the S-wave velocity). 

1983 Kaoiki Earthquake 

The 16 November 1983 M e = 6.6 Kaoiki earthquake 
occurred in an area of high seismicity between Manna Loa 
and Kilauea Volcanoes. The earthquake caused considerable 
damage to the southeastern part of the island and is the larg- 
est to occur in the Kaoiki region in more than a century 
(Koyanagi et aL, 1984; Chiu et al., 1984). The earthquake 
produced surface ruptures that extend over a distance of 6 
km within the Kaoiki seismic zone (Jackson et al., 1992). 
Horizontal PGA near the epicentral region vary from 0.87 g 
at the Hawaiian Volcano Observatory (HVO) to 0.58 g near 
the summit of Mauna Loa (MLO). Reports following this 
event considered the PGA of 0.87 g recorded at the HVO site 
to be due to a high-frequency pulse superimposed on the 
main pulse of the record, and as such, they reduce the PGA 
to 0.67 g (Koyanagi et al., 1984; Buchanan-Banks, 1987). 
However, this supposition was never confirmed (Klein, per- 
sonal comm., 1997), and a later study by Wyss and Koyanagi 
(1992) re-establishes a PGA of 0.87 g for the HVO site. Fig- 
ure 4 shows the larger horizontal component of acceleration 
for the 15 stations that recorded this event. Accelerations at 
ash sites along the Hamakua coast (HIL5 and HON2) are 
dramatically enhanced at high frequencies compared to 
nearby lava sites (HIL3 and UHH2). A comparison of the 
lava (Fig. 5a) and ash (Fig. 5b) acceleration response spectra 
(5% damping) clearly shows that ash deposits may signifi- 
cantly increase the amplitude of shaking in narrow-fie- 
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Figure 3. Accelerograms from the 1975 Ms = 7.2 Kalapana mainshock overlain on 
a map showing station locations (triangles) and aftershocks (squares) for a 7-day period 
following the mainshock (circle). Shown are the two horizontal components in the 
directions as originally recorded. 

quency bands. The predominant frequency of the accelero- 
grams recorded at HON2 and WAI2 is shown by the peak 
of their respective response spectra near 10 Hz, while the 
HIL5 response spectrum shows a predominant frequency 
near 3 Hz. The higher resonance frequencies for the Hono- 
kaa (HON2) and Waimea (WAI2) sites imply a thinner ash 
layer than for the Hilo (HIL5) and Pahala (PAH) sites. 

1989 South Flank Earthquake 

The 26 June 1989 M s = 6.1 South Flank earthquake 
occurred along the northern end of the Hilina fault system 
at a depth of 9 km (Koyanagi et al., 1989; Bryan, 1992). 
Damage resulting from this event was focused in the Kala- 
pana area of Kilauea's south flank. This event appears to 
have consisted of two separate subevents about 5 sec apart. 
Fourteen strong-motion stations at epicentral distances rang- 
ing from 20 to 106 km were triggered. Records at PAH, 
HIL6, and UHH2 triggered on the first subevent P-wave 
arrival and thus include the subsequent S-wave arrival as 
well as P- and S-wave arrivals from the second subevent 
(Fig. 6). Bryan (1992) identifies a zone of relatively high 

aftershock activity located approximately 12 km east of the 
hypocenter and postulates that this zone may define an area 
of secondary rupture. Peak accelerations near 0.20 g were 
recorded at Pahoa (an epicentral distance of 20 km) and at 
an ash site in Hilo (an epicentral distance of 44 km). Despite 
epicentral distances of about 20 km, peak accelerations at 
Hawaiian Volcano Observatory stations HVO1 and HVO2 
only reached 0.05 g. The relatively weak ground motions at 
these two sites may result from the possible combination of 
source effects (radiation pattern and directivity) and a travel 
path through the highly fractured south flank and caldera of 
Kilauea. 

Data  

For this study, the PGA data set consists of 51 measure- 
ments from 22 Hawaii earthquakes (Table 2). Magnitudes 
vary from 4.0 to 7.2, and event depths vary from 4 to 14 
km. For peak acceleration values, we use the larger of the 
two horizontal components in the directions as originally 
recorded. The moment magnitude, Mw, of Hanks and Kan- 
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Table 2 
Hawaii PGA Data Set 

Date Ep. Region M CD'~ Station Lat. Long. S PGA (g) 

5 May 74 
29 Nov 75 
29 Nov 75 
29 Nov 75 
29 Nov 75 
29 Nov 75 
29 Nov 75 

*23 Dec 75 
'15 Jan 76 

*20 Apr 77 
*2 May 77 
21 Sep 79 

*20 Mar 83 
*9 Sep 83 
16 Nov 83 
16 Nov 83 
16 Nov 83 
16 Nov 83 
16 Nov 83 
16 Nov 83 
16 Nov 83 
16 Nov 83 
16 Nov 83 
16 Nov 83 
16 Nov 83 
16 Nov 83 
16 Nov 83 
16 Nov 83 
16 Nov 83 
21 Feb 85 

7 Jul 85 
12 Dec 85 

9 Jul 86 
20 Feb 88 
2 Mar 88 

4 Jul 88 
4 Jul 88 
4 Jul 88 

26 Jun 89 
26 Jun 89 
26 Jun 89 
26 Jun 89 
26 Jun 89 
26 Jun 89 
26 Jun 89 
25 Jan 93 
26 Jan 93 
26 Jan 93 
8 Jun 93 
8 Jun 93 
8 Jun 93 

South Flank 
South Flank 
South Flank 
South Flank 
South Flank 
South Flank 
South Flank 
Kilauea 
Kilanea 
Hamakua Coast 
Hamakua Coast 
South Flank 
South Flank 
South Flank 
Kaoiki 
Kaoiki 
Kaoiki 
Kaoiki 
Kaoiki 
Kaoiki 
Kaoiki 
Kaoiki 
Kaoiki 
Kaoiki 
Kaoiki 
Kaoiki 
Kaoiki 
Kaoiki 
Kaoiki 
South Flank 
Hilea 
Kona Coast 
Kona Coast 
South Flank 
South Flank 
Hilea 
Hilea 
Hilea 
South Flank 
South Flank 
South Flank 
South Flank 
South Flank 
South Flank 
South Flank 
Kilauea 
Hilea 
Hilea 
South Flank 
South Flank 
South Flank 

4.3 9 KCG 19.430 - 155.300 L 0.05 
5.7 35 UHH1 19.700 - 155.080 L 0.15 
5.7 55 PUN 19.160 - 155.520 L 0.03 
5.7 86 HON1 20.070 - 155.460 A 0.06 
7.2 22 UHH1 19.700 - 155.080 L 0.22 
7.2 33 PUN 19.160 - 155.520 L 0.12 
7.2 79 HON1 20.070 - 155.460 A 0.09 
4.2 0 KCG 19.430 - 155.300 L 0.05 
4.4 2 KCG 19.430 - 155.300 L 0.06 
4.3 23 HON2 20.080 - 155.470 A 0.07 
4.0 10 HON2 20.080 - 155.470 A 0.06 
5.5 3 HNP 19.329 - 155.031 L 0.09 
4.9 2 HNP 19.329 - 155.031 L 0.12 
5.4 9 HNP 19.329 - 155.031 L 0.06 
6.6 2 HVO1 19.423 - 155.291 L 0.87 
6.6 12 MLO 19.539 - 155.580 L 0.58 
6.6 29 MKC 19.752 - 155.530 L 0.26 
6.6 31 HNP 19.329 - 155.031 L 0.12 
6.6 33 WKB 19.070 - 155.620 L 0.19 
6.6 39 PAF 19.498 - 154.950 L 0.18 
6.6 39 UHH2 19.707 - 155.083 L 0.11 
6.6 40 KHP 19.523 - 155.879 L 0.10 
6.6 43 HIL3 19.734 - 155.050 L 0.10 
6.6 56 KFS 19.649 - 155.996 L 0.04 
6.6 88 KPS 20.230 - 155.801 L 0.09 
6.6 15 PAH 19.200 - 155.470 A 0.59 
6.6 40 HIL5 19.731 - 155.100 A 0.50 
6.6 62 WAI2 20.030 - 155.060 A 0.13 
6.6 64 HON3 20.080 - 155.465 A 0.37 
4.8 13 HVO1 19.423 - 155.291 L 0.05 
4.4 11 WKB 19.070 - 155.620 L 0.10 
4.0 3 KHP 19.523 - 155.879 L 0.03 
4.6 8 KHP 19.523 - 155.879 L 0.14 
4.2 3 HNP 19.329 - 155.031 L 0.04 
4.9 13 HVO1 19.423 - 155.291 L 0.03 
5.2 20 WKB 19.070 - 155.620 L 0.16 
5.2 28 HVO1 19.423 - 155.291 L 0.03 
5.2 0 PAH 19.200 - 155.470 A 0.15 
6.1 17 PAF 19.498 - 154.950 L 0.21 
6.1 33 HVO2 19.434 - 155.264 L 0.05 
6.1 35 HVO 1 19.423 - 155.291 L 0.05 
6.1 40 UHH2 19.707 - 155.083 L 0.11 
6.1 44 HIL3 19.734 - 155.050 L 0.07 
6.1 41 HIL6 19.720 - 155.120 A 0.20 
6.1 45 PAH 19.200 - 155.470 A 0.05 
4.4 2 HVO1 19.423 - 155.291 L 0.10 
4.8 21 WKB 19.070 - 155.620 L 0.04 
4.8 1 PAH 19.200 - 155.470 A 0.28 
4.9 12 HVO2 19.434 - 155.264 L 0.03 
4.9 13 HVO1 19.423 - 155.291 L 0.05 
4.9 30 PAH 19.200 - 155.470 A 0.06 

?Closest distance (kin). 
*Record and event association made by authors. 

a m o r i  (1979)  is u s e d  b y  J o y n e r  and  B o o r e  fo r  the i r  p e a k  

acce l e ra t ion  p r ed i c t i ve  r e l a t i onsh i p s .  H o w e v e r ,  s ince  Mw are 
no t  ava i l ab le  fo r  a m a j o r i t y  o f  H a w a i i  e a r t h q u a k e s ,  w e  u s e  

Ms fo r  the  th ree  l a rge  even t s  (1975 K a l a p a n a  m a i n s h o c k ,  

1983 Kao ik i ,  and  1989 S o u t h  F l a n k )  and  M L, as d e t e r m i n e d  

b y  HVO ( T o m o r i  et al., 1991),  fo r  the  r e m a i n i n g  even t s .  T o  

d i f fe ren t ia te  b e t w e e n  the  l a rge  t ec ton ic  e a r t h q u a k e s  o c c u r -  

r i ng  on  the  f lanks  o f  M a u n a  L o a  and  K i l a u e a  V o l c a n o e s  and  

the  d e e p e r  m a n t l e  e ve n t s  o c c u r r i n g  b e n e a t h  the  i s land ,  w e  

u s e  a d e p t h  c u t o f f  o f  15 k m .  T h e  a v e r a g e  d e p t h  o f  the  22 

e a r t h q u a k e s  tha t  c o m p r i s e  the  H a w a i i  PGA da ta  se t  is 9.6 

k m  w i t h  a s t a nda r d  d e v i a t i o n  o f  2.3 krn.  T h e  d i s t ance  m e a -  
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Figure 4. Accelerograms from the 1983 M s = 6.6 Kaoiki earthquake overlain on a 
map showing station locations (triangles) and aftershocks (squares) for a 7-day period 
following the mainshock (circle). Shown are the larger of the two horizontal compo- 
nents for each station in the directions as originally recorded. 

sure used by the Joyner and Boore regression method is the 
closest distance from the recording site to the surface pro- 
jection of the slipped fault. For each earthquake, we used an 
outline of the aftershock zone to approximate the fault rup- 
ture area. Figure 7 shows the distribution of the PGA data 
set for lava and ash sites as a function of magnitude and 
closest distance to the surface projection of the slipped fault. 

We use peak acceleration values scaled directly from 
the Hawaii strong-motion records rather than PGA from pro- 
cessed records. To validate our decision to use PGA values 
from the unprocessed accelerograms, we digitized a number 
of Hawaii strong-motion records provided to us by the USGS 
National Strong-Motion Program. Prior to this study, the 
only digitized Hawaii strong-motion records were four re- 
cords from the 1975 Kalapana foreshock and mainshock and 
15 records from the 1983 Kaoiki earthquake. After digiti- 
zation, we did not apply a correction for the instrument char- 
acteristics because reliable values of the natural frequency 
and damping ratio are not available for the majority of the 
records. However, for the SMA-1 accelerograph, the instru- 
ment characteristics only significantly distort the recorded 

amplitude at frequencies greater than about 25 Hz (Hudson, 
1979). To reduce noise in the low- and high-frequency 
ranges, we applied a bandpass filter with corner frequencies 
of 0.1 and 25 Hz to the accelerograms. The resulting peak 
accelerations do not diminish by more than 0.05 g for the 
larger ground-motion records (PGA _--> 0.20 g) compared to 
the peak accelerations scaled directly from the unprocessed 
accelerograms. For the smaller ground-motion records, there 
was little or no difference between the PGA from the pro- 
cessed and unprocessed accelerograms. 

Since the installation of the first strong-motion acceler- 
ograph in 1973, 175 records collected from sites on the is- 
land have not been attributed, in the annual USGS National 
Strong-Motion Program reports, to a particular event. This 
large number of unidentified records is due to the high seis- 
micity of the island and also to the length of time between 
site maintenance visits. Of the 175 unidentified records, 42% 
are from sites located on volcanic ash, and 27% are from 
sites located in regions of high seismicity (Kilauea caldera 
and south flank). Most of the PGA from these records are 
less than 0.05 g, but there are 35 records (20%) with PGA 
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Figure 5. Lava (top) and ash (bottom) response 
spectra (5% damping) from the larger horizontal com- 
ponent accelerograms of the 1983 Kaoiki M, = 6.6 
earthquake. The frequency content of the ash site 
ground motion is shown by large spectral acceleration 
peaks near 10 Hz for Waimea (WAI2) and Honokaa 
(HON2) and 3 Hz for Hilo (HIL5). 

>--- 0.05 g. By examining the HVO seismicity catalog for the 
site-maintenance time periods associated with each uniden- 
tified record, we were able to find locations and magnitudes 
for six records, which are identified by an asterisk in Table 
2. The two criteria for attributing these records to events in 
the HVO catalog are (1) the close proximity of a relatively 
large magnitude event and (2) the absence of other compa- 
rably sized events near the recording site during the time 
period. 

The two-stage regression method developed by Joyner 
and Boore for attenuation relationships calls for the elimi- 
nation of records from instruments triggered by the S-wave 
arrival, since the strongest motion may have been missed, 

and also the elimination of records that fall outside of a "dis- 
tance cutoff." The distance cutoff is defined by Joyner and 
Boore as the distance to an operational nontriggered instru- 
ment (Joyner and Boom, 1981) and is imposed to avoid any 
bias arising from the exclusion of low values of ground mo- 
tion. We eliminated 3 PGA from consideration due to an 
instrument triggered by an S-wave arrival and 29 PGA due 
to the distance cutoff requirement. Table 3 lists the cutoff 
distances for each event, the operational nontriggered in- 
strument, and the subsequent records that were excluded. 

Analysis  Method and Results 

We use the Joyner and Boore (1993, 1994) two-stage 
regression method designed to decouple the distance depen- 
dence from the magnitude dependence. In the first stage, the 
distance dependence is determined along with a set of am- 
plitude factors, Pi, for each earthquake, Eni. The first stage, 
as applied to the Hawaii PGA data set, is given by 

Yn = PiEni -t- b2r n 4- b310glor n 4- b4S n -t- gr, (1) 

where Yn = loga0 PGAn, Eni = 1 if recording n comes from 
earthquake i and 0 otherwise, Sn = 1 for ash sites and 0 
otherwise, rn = (d 2 + ha) la, and er is the error term. With 
the coefficient b 3 set equal to - 1 to account for geometrical 
spreading, the term bern characterizes the effects of anelastic 
attenuation (material damping and scattering). The variable 
dn is the closest distance from the recording site n to the 
surface projection of the fault rapture area. The variable h 
is a "fictitious" depth parameter and is introduced to allow 
for the possibility that the source of the peak acceleration is 
from a high stress zone on the fault rupture surface rather 
than the edge or closest point on the rupture (Joyner and 
Boore, 1981). However, since the location of this high stress 
zone for each of the earthquakes is unknown, Joyner and 
Boore solve for estimates of the other parameters in the first 
regression stage (/5,/;2, ~4, and the estimated variance of e ,  
s 2) for trial values of h. The value of h that minimizes the 
residual sum of squares (RSS), is determined iteratively. As 
shown in Figure 8, the value of h that minimizes the misfit 
for the Hawaii PGA data set is 11.29 kin. 

For the second stage, the amplitude factors are regressed 
against magnitude to determine the magnitude dependence 

Pi = bo + bl (Mi - 6) + ee, ( 2 )  

where Mg is the magnitude and ~e is the error term. Joyner 
and Boore (1994) use a diagonal weighting matrix, V, given 
by 

v~ = (d /R ,  + d ) ,  ( 3 )  

where R i is the number of recordings for each earthquake i 
2 is the variance of ee. The least-squares solution for a n d  o e 

the parameter vector B is given by 
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B = ( x T v - 1 x ) - I x T v - 1 y ,  

where 

I! t ] y = 2 , 

LP J 

Lbd 

and 

X =  M2 

MN 

(4) 

Since ~ is unknown, Joyner and Boore (1993) determine its 
value by estimating the expected value of RSS given by 

E[(Y - XB)TV-I(Y - XB)] = N -  2, (5) 

where E denotes expectation and N - 2 is the number of 
degrees of freedom. Trial values of a~ are first inserted in 
equations (3) and (4) to obtain values for V and B that are 
then substituted into equation (5). The value of a~ that most 
nearly satisfies equation (5) is determined iteratively with 
zero as the starting value. 

Figure 9 is a plot of the amplitude factors, Pi, as a func- 
tion of the predictor variable M i - 6. The size of each point 
is proportional to its corresponding weight determined by 
the number of records for each event• Thus, the 1983 Kaoiki 
earthquake (15 records) and the 1989 South Flank earth- 
quake (7 records) receive the most weight. Also shown are 
the weighted (solid line) and unweighted (dashed line) 
straight-line fits to the data. Using weighted least-squares 
instead of ordinary least-squares estimation results in a 
smaller estimate of ae (0.063 versus 0.192). The size of the 
slope, shown in Figure 9, determines the magnitude depen- 
dence of the peak acceleration predictive relationship. 
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The final peak acceleration predictive relationship is 
then given by 

Yn = bo + b l  ( M /  - 6) + b2r n 

+ b31°gtorn + b4Sn + er + ~e, (6) 

and the overall variance, a2r, is given by combining the var- 
iances from the two regression stages: 

2 (7) O-2 = O'2 + O'e" 

The regression coefficients for the Hawaii PGA predictive 
relation are given in Table 4 along with the uncertainty es- 
timates Sr, Se, and st. 

In performing the regression analysis, we have assumed 
that the residuals are independent, have a constant variance, 
and follow a normal distribution. To test these assumptions, 
we constructed a normal probability plot of the residuals 
(Fig. 10a), a plot of the residuals against the fitted values ~" 
(Fig. 10b), and a plot of the residuals against the two inde- 
pendent variables magnitude and distance (Figs. 10c and 
10d). For each of the bivariate residual plots, we distinguish 
between PGA recorded on ash and lava sites. As shown in 
Figure 10a, the residuals appear to be normally distributed 
since the points on the normal probability plot lie approxi- 

Table 3 
E v e n t  C u t o f f  D i s t a n c e s ,  N o n t r i g g e r e d  Sta t ion ,  an d  E x c l u d e d  R e c o r d s  

Date M CD* Stationt Excluded Records 

5 May 74 4.3 - -  - -  

29 Nov 75 5.7 - -  - -  

29 Nov 75 7.2 - -  - -  

23 Dec 75 4.2 - -  - -  

15 Jan 76 4.4 - -  - -  

20 Apr 77 4.3 - -  - -  

2 May 77 4.0 - -  - -  
21 Sep 79 5.5 20 PAF UHH2,  HIL3,  HIL5,  PAH, HON3 

20 Mar 83 4.9 - -  - -  

9 Sep 83 5.4 25 PAF HIL5 

16 Nov 83 6.6 - -  - -  

21 Feb 85 4.8 19 HNP HIL5,  PAH 

7 Jul 85 4.4 - -  - -  

12 Dec 85 4.0 - -  - -  

9 Jul 86 4.6 - -  - -  

20 Feb 88 4.2 - -  - -  

2 Mar  88 4.9 19 HNP PAH 

4 Jul 88 5.2 - -  - -  
26 Jun 89 6.1 55 MLO MKC, MKS, LAU, WKB,  WAI2, HON3,  HOM 

25 Jan 93 4.4 - -  - -  
26 Jan 93 4.8 30 HVO HOM, K H E  HON3 

8 Jun 93 4.9 34 PAF HIL5,  KHP, MKC, MKS, MLO 

*Cutoff distance (kin). 

tNontr iggered station. 
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Table 4 

Parameter Estimates 

P a r a m e t e r  E s t i m a t e  n M e a n  S . D .  5 0 t h  1 6 t h  8 4 t h  

b0 0.518 100 0.512 0.276 0.517 0.338 0.711 
b 1 0.387 100 0.392 0.052 0.392 0.332 0.449 
b 2 - 0.00256 78 - 0.004 0.003 - 0.004 - 0.007 - 0.001 
b 3 - 1 
b 3 * 22 - 0.875 0.182 - 0.936 - 1.069 - 0.674 
b4 0.335 100 0.348 0.079 0.343 0.271 0.434 
h 11.29 100 12.35 7.52 11.40 5.97 16.83 
ar 0.228 
a e 0.063 
or 0.237 100 0.249 0.029 0.246 0.222 0.277 

*For 1st stage simulations resulting in + b 2. 
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Figure 8. Misfit (at) as a function of the fictitious 
depth parameter h for the first regression stage. The 
minimum value of at(h) is indicated by a vertical line. 

mately in a straight line. The results of  the Anderson-Dar-  
ling test (see Snedecor and Cochran, 1994) also confirm our 
normal distribution assumption for the residuals since the 

Anderson-Dar l ing  statistic, A~l,O.O s = 0.295, is less than the 
upper 0.05 percentile of  this statistic for a sample size of  5 l ,  

2 A51,o.05 = 0.733. In addition, each of  the residual plots (Figs. 
10b through 10d) show a "horizontal band" appearance (see 
Draper and Smith, 1981), thereby confirming that the resid- 
uals are independent and have a constant variance. The Joy- 
ner and Boore regression method assumes a magnitude- 
independent shape because this model  requires fewer 
parameters (Joyner and Boore, 1981). This assumption is 
confirmed by the absence of  any trend for the residual versus 
magnitude plot shown in Figure 10c. 

Since the Joyner and Boore two-stage regression 
method uses a nonlinear model, Monte Carlo simulation 
must be used to estimate the parameter uncertainties. Sim- 
ulated PGA values are obtained by applying the parameter  

Figure 9. Amplitude factor (P), from the first re- 
gression stage, as a function of magnitude for 
weighted (solid line) and unweighted (dashed line) 
second-stage regression equations. 

e s t i m a t e s  ~0-4 and h, determined from the actual data set, 
together with the magnitude, distance, and site values to 
equation (6). Values for/~r and ~e are obtained by a separate 
random sampling of  the two normal distributions N(0,a 2) 

and N(0,a~). We  applied the Joyner and Boore method to 
100 simulated data sets. Table 4 gives the mean, standard 
deviation, median, 16th, and 84th percentile values for each 
model  parameter. For  22 of  the 100 runs, we obtained a 
positive value for the anelastic attenuation coefficient, b2, 
with b 3 fixed at - 1 to account for geometric spreading. For 
these 22 runs, we then set b2 = 0 and solved for the coef- 
ficient b3 instead, thereby combining the geometric spread- 
ing and anelastic attenuation terms. As a result, Table 4 gives 
parameter uncertainties for b2 for 78 runs and for b 3 for the 
other 22 runs. As shown in Table 4, the largest amount that 
a mean parameter value from the simulations differs from 
the actual data set parameter estimate is less than one stan- 
dard deviation from the mean. 
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Table 5 
P G A  P r e d i c t i o n s  

M CD (kin) (~) PGA (g) mean ? PGA (g) S.D. 

7.0 0 - 0.176 0.67 - 0.148 0.71 0.192 

6.0 0 - 0 5 6 3  0.27 - 0.540 0,29 0.157 
5.0 0 - 0 . 9 5 0  0.11 - 0 . 9 3 1  0,12 0.135 

7.0 20 - 0.515 0.31 - 0.524 0.30 0.090 
6.0 20 - 0.902 0.13 - 0.915 0.12 0.060 

5.0 20 - 1.290 0.05 - 1.307 0.05 0.067 
7.0 40 - 0.820 0.15 - 0.817 0.15 0.066 

6.0 40 - 1.207 0.06 - 1.209 0,06 0.058 
5.0 40 - 1.594 0.03 - 1.601 0.03 0.088 
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Table 5 shows the predicted value of Y, log10 PGA, for 
magnitudes of 5.0, 6.0, and 7.0 at closest distances of 0, 20, 
and 40 km. We also determined the mean and standard de- 
viation of ~" for these magnitudes and distances using 
the parameter estimates obtained from each of the 100 sim- 
ulations. The results for a closest distance of 0 km and a 
magnitude of 7.0 show a small negative bias ( - 0.04 g) in 
the predictions. This bias is expected because there are few 
data points near this magnitude and distance combination. 
For M = 7.0 at 20 and 40 km and M = 5.0 and 6.0 at the 
three distances 0, 20, and 40 kin, there is very little or no 
difference between f" as determined from the mean of the 
simulated parameter estimates and f" as determined from the 
actual parameter estimates. Joyner and Boore (1993) point 
out that the standard deviation of f', resulting from the sim- 
ulated parameter estimates, represents the contribution to 
prediction error from stochastic uncertainty in the parame- 
ters. The standard deviations shown in Table 5 for the com- 
binations of the magnitudes and distances is less than the 
Monte Carlo simulation value of o-r, as given by equation 
(7), indicating that a r  does not underestimate the total pre- 
diction error. 

Compar i son  of  Attenuation Relationships 

The difference in the attenuation relationship developed 
in this study and the relationship used by Klein (1994) for 
his seismic hazard study is illustrated in Figure l la .  Al- 
though the attenuation curve used by Klein (1994) is within 
one standard deviation of the curve developed in this study, 
the overall shapes of the two curves are quite different. This 
difference is due to the inclusion of two distance terms, b2r 
and b31ogl0 r with/;2 = -0 .00256 and b 3 = - 1, in our 
attenuation relationship that in combination lead to smaller 
peak accelerations beyond a distance of 20 km. The BJF93 
relationship, used by Klein (1994), eliminates the bar term 
since be was positive with b 3 fixed at - 1  to account for 
geometric spreading. The final value of b 3 for their curve is 
-0 .777.  For a direct comparison to the BJF93 attenuation 
rate, we set b2 = 0 in the first regression stage and solved 
for b3, obtaining ~3 = - 1.402. 

As a result of shifting the BJF93 attenuation relationship 
(class B site term) upward by a factor of 1.2, the Klein 
(1994) relationship predicts larger PGA over the magnitude 
range from 4.0 to 6.5 and at small distances (d _-< 10 km) 
than the attenuation relationship developed in this study. For 
example, for M = 6 and d = 0 kin, the PGA predicted by 
Klein is 0.42 g versus a predicted PGA of 0.27 g from our 
attenuation relationship. This difference is also illustrated in 
Figure 11 for M = 6.6. The two relationships predict similar 
PGA for larger-magnitude events (7.0 --< M _--< 7.2) at d = 
0; however, due to few values in the Hawaii PGA data set, 
predicted PGA values for these magnitude and distance com- 
binations are not well constrained. 

The BJF93 site classes C and D represent sites with 
average S-wave velocities from i80 to 360 m/sec and less 
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Figure 11. (a) Hawaii attenuation curve (lava, me- 
dian, ___ lcr), Boore et al. (1993) class B curve (dashed 
line), and Klein (1994) curve (dotted line). (b) Hawaii 
attenuation curve (M = 6.6) for lava (solid line) and 
ash (dashed line) site classifications (median, _+ la) 
plotted with the 15 PGA values from the 1983 M s = 
6.6 Kaoiki earthquake and an attenuation curve de- 
rived from these same 15 PGA. 

than 180 m/sec, respectively, in the upper 30 m. The site 
class C coefficient in the BJF93 attenuation relationship 
(0.254) is less than the ash site coefficient (~4 = 0.335) from 
our relationship; however, the ash site term represents ac- 
celerometer sites with S-wave velocities that vary from 60 
to 200 m/sec. As such, a better comparison would be with 
the BJF93 site class D coefficient; however, site class D was 
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poorly represented in the data set and therefore not included 
in their analysis. 

To evaluate the effect of the 15 PGA from the 1983 Ms 
= 6.6 Kaoiki earthquake on the attenuation relationship de- 
veloped in this study, we determined a specific curve for the 
1983 event using a shortened version of the Joyner and 
Boore two-stage regression method (cf. Cramer and Dar- 
ragh, 1994). This curve (site coefficient S = 0) is shown in 
Figure 1 lb together with the 15 PGA from the Kaoiki earth- 
quake and the full data set attenuation curve for lava and ash 
sites (median _+ la). As shown in Figure l lb ,  the attenua- 
tion rate of the 1983 Kaoiki relationship (b2 = 0, /~3 = 
- 1.017) is less than the full data set attenuation rate, and 
the Kaoiki relationship predicts substantially larger PGA at 

distances less than 10 km due to the influence of the PGA of 
0.87 g recorded at HVO1. The ash site coefficient for the 
Kaoiki attenuation relationship (0.429) is also larger than the 
full data set site coefficient reflecting the relatively large PGA 
recorded at the ash sites HIL5 and HON2. 

Discussion 

Hazards resulting from large earthquakes on the island 
of Hawaii include ground shaking, tsunamis, site amplifi- 
cation, landslides, secondary ground rupture, and triggered 
volcanic eruptions. An isoseismal map of the 1868 M ~ 8 
great Kan earthquake shows maximum Modified Mercalli 
intensities ranging from X to XII over a large portion of the 
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southern part of the island (Wyss and Koyanagi, 1992). To 
compare the seismic hazards on the island of Hawaii to other 
locations in North America, we constructed a seismic hazard 
curve for Hilo, Hawaii. We developed this hazard curve us- 
ing the 11 seismic source zones, recurrence values, and max- 
imum magnitudes used by Klein (1994) together with the 
attenuation relationship developed in this study. Klein 
(1994) uses a maximum magnitude of either 7.5 or 7.7 for 
all of the source zones except zone 4, and although the mag- 
nitude range of the attenuation relationship developed in this 
study is from 4.0 to 7.2, the PGA predicted by our relation- 
ship for M = 7.7 and d = 0 kin, 1.24 g, is very plausible 
given accounts of the ground motion from the 1868 great 
Kau earthquake (see Wyss and Koyanagi, 1992). Figure 12a 
shows the 11 source zones developed by Klein (1994) and 
Figure 12b shows the resulting seismic hazard curves for 
Hilo. Using the combined seismic hazard curve for Hilo, we 
then estimated PGA with a 10% probability of exceedance 
as a function of exposure time. Figure 12e shows PGA versus 
exposure time for Hilo and for San Francisco, California, 
San Bernardino, California, and Seattle, Washington, from 
a 1993 National Earthquake Hazards Reduction Program 
study (NEHRP, 1993). The PGA predicted for Hilo, Hawaii, 
are slightly larger than those for San Bernardino, California. 

The seismic hazard curves we developed for Hilo are 
for a lava site. However, the results of this study and others 
show that a more significant hazard exists for structures lo- 
cated on ash deposits. The comparatively greater damage to 
structures built on ash deposits from enhanced ground mo- 
tion in addition to the significant ash site coefficient in the 
Hawaii attenuation relationship indicates a need for addi- 
tional ash sites in the Hawaii strong-motion network and 
further investigations of the geotechnical and seismic prop- 
erties at each site. Reiter (1990) points out that when soil 
layers are thin, the amplification caused by the low soil im- 
pedance overpowers the loss in amplitude caused by soil 
damping. In addition, resonance can occur at, or close to, 
those high frequencies usually associated with peak accel- 
erations. Site resonance and amplification are present on a 
number of Hawaii strong-motion accelerograms recorded on 
ash deposits. 

Conclusions 

We have developed an attenuation relationship by ap- 
plying the Joyner and Boore two-stage regression method to 
the Hawaii PGA data set. We used this regression method in 
order to facilitate a comparison to a previous attenuation 
relationship used for Hawaii. The larger attenuation rate ob- 
served by this study for the island of Hawaii is due to a 
highly fractured volcanic pile that is less capable of trans- 
mitting the higher-frequency ground motion generally as- 
sociated with peak ground accelerations. A plot of PGA with 
a 10% probability of exceedance for various exposure times 
shows that the seismic hazard for Hilo, Hawaii, is compa- 
rable to that for San Bernardino, California. As more earth- 

quakes are recorded by the Hawaii strong-motion network, 
it will be possible to evaluate the attenuation rate for 
lower-frequency ground motion by estimating pseudo-ve- 
locity response spectra as a function of magnitude, distance, 
and site classification. The results of our study also show 
that site geology has a significant effect on PGA on Hawaii. 
This effect is characterized by large high-frequency rever- 
berations in the thin ash layers that cover large portions of 
the island. 
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